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ABSTRACT 
Three experiments were conducted to identify mechanisms that might explain 
variations in weed responses to nitrogen (N) fertilization. The first experiment investigated 
the responses of two crop and six weed species to N fertilization rate and shading in a 
growth chamber environment. The dry weight and leaf area responses, among species, to N 
supply and shading were positively correlated with their maximum relative growth rates with 
the high N fertilization rate. Relative growth rates, among species, were negatively 
correlated with mean seed weights. 
The second experiment was conducted in field plots to investigate the effects of N 
fertilization timing and corn {Zea mays L.) population density on giant foxtail {Setaria faberi 
Herrm.), velvetleaf (Abutilon theophrasti Medicus), and common waterhemp (Amaranthus 
rudis Sauer) competition with com. Giant foxtail reduced com yield when no N fertilizer 
was applied until late June (POST N) but not when N fertilizer was applied prior to com 
emergence (PRE N). Velvetleaf seed yield was greater with the PRE N application than the 
POST N application, but giant foxtail seed yield was lower with PRE N than with POST N. 
The high corn population density reduced velvetleaf and giant foxtail seed yields, compared 
to the low com population density. Com, velvetleaf and giant foxtail seed yields were 
associated with their heights and light interception in mid-season. N fertilization timing and 
corn population density did not affect common waterhemp. 
A third experiment investigated the interactions between com and velvetleaf 
seedlings grown in a replacement series, as affected by N fertilization rate, in a glasshouse 
environment. N effects on seedling size of each species were positively correlated with the 
ix 
population density of that species. Relative yield responses suggested that velvetleaf size 
was reduced by corn competition and that antagonism might have occurred. A growth 
analysis of corn and velvetleaf seedling monocultures identified N responses. The relative 
growth rates of velvetleaf were greater than those of corn. The net assimilation rate of 
velvetleaf was lower with the high N supply than with low N, perhaps due to an increase in 
self-shading with high N. 
The experiments collectively demonstrated that N effects on weed competitiveness 
were influenced by weed biology, morphology, and the relative population densities of crops 
and interfering weeds. 
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CHAPTER 1. INTRODUCTION 
Integrated Weed Management 
Weed control is reactionary, while weed management is proactive (Buhler 1999). 
The traditional weed control tools ~ cultivation and herbicides — are employed in response to 
existing weed populations, typically when the weeds are in the seedling stage. Integrated 
weed management (IWM), in comparison, combines multiple control tactics with a greater 
understanding of weed biology in order to target multiple stages of weeds' life cycles (Buhler 
et al. 2000). Successful IWM programs strive to reduce the environmental and capital costs 
of weed management, when compared to the exclusive use of herbicides or cultivation. 
Integrated weed management programs may include, but are not limited to, crop rotations, 
cover crops and mulches, field scouting and the site-specific applications of tillage and post-
emergence herbicide (Buhler et al. 2000). The shift in interest from weed control to weed 
management was typified by the distribution of research topics at the recent meeting of the 
Weed Science Society of America: at least one-third of the papers and posters at that meeting 
presented research into IWM components (2003). 
Most crop producers rely exclusively on herbicides for weed control (Gunsolus and 
Buhler 1999; Wyse 1992). The ease of application and rapid weed control offered by 
herbicides, however, are tempered by concern for how their extensive application affects 
environmental quality, human health, herbicide-resistant weed populations and farm profits. 
Excessive exposure to herbicides may endanger the health of both farmers and consumers 
(Hoar et al. 1988; Hoar et al. 1986; Garry et al. 1996). Poor herbicide management may 
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promote weed resistance and cross-resistance to herbicides (Bradshaw et al. 1997; Powles et 
al. 1998; Hinz et al. 1997; Stoltenberg and Wiederholt 1995; Foes et al. 1998; Fuerst et al. 
1986; Prado et al. 1989). The substitution of any off-farm input, including herbicides, for 
labor and skilled management reduces farm profit (Smith 1992). Finally, herbicide 
registration cancellations have reduced herbicide availability to producers (Buhler 1999). 
At the end of the 20th century, most weed scientists were concentrating on herbicide 
development and management, instead of researching alternative weed management tactics 
or increasing weed biology knowledge (Wyse 1992). Public support, however, has shifted 
away from farm subsidy and food security concerns, and towards the maintenance of 
environmental health. Weed science must respond to these concerns before new, more 
environmentally-sound farming systems can be developed. This is particularly true of 
organic farming, which occupies a small, yet rapidly growing niche in the food production 
industry, particularly in Europe (Rigby et al. 2001). 
Weed Ecology and Evolutionary Biology 
Weed management tactics generate selection pressures that increase crop fitness 
(reproductive success), to the detriment of weed fitness. Discussions of selection pressure 
and fitness in weed science are typically limited to herbicide resistance (Madsen et al. 2002; 
Legere et al. 2000). All crop management practices, however, affect crop and weed fitness 
relative to a particular environment. 
Conventional agriculture has relied upon environmental modifications that increased 
the fitness of crop species relative to other plant species, particularly for the purpose of weed 
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management. The dependency of environmental modifications to increase food production 
has its critics: one argues that the ignorance of native ecosystems is the original sin of 
humankind (Jackson 1995). Weed control relies upon environmental modifications: tillage 
programs select against weeds based on time (prior to planting or emergence) and location 
(row cultivation of weeds), and herbicides select against weeds based on seedling physiology 
and morphology. Integrated weed management strategies are often, but not always, more 
attentive to the effect of ecosystems on the fitness of weed species. 
One alternative to environmental modifications that increase the relative fitness of 
crops is the selection of crop cultivars for their fitness in an existing environment, including 
their competitiveness with weeds. Garrity et al. (1992) found that the heights of upland rice 
(Oryza sativa L.) cultivars were negatively correlated with the dry weights of competing 
weeds, while Forcella (1987) reported that greater leaf area expansion rates increased the 
ability of tall fescue (Lolium arundinaceum (Schreb.) S.J. Darbyshire) to suppress weeds. 
Recently, genetic modifications have increased the fitness of highly-yielding cultivars that 
were previously sensitive to certain herbicides (Gressel 1992). 
The most popular weed control tactics are easily implemented and quickly increase 
selection pressure on weeds. Tillage and herbicides form the basis, and often the entirety, of 
weed management programs. Recognition of the risks associated with excessive herbicide 
use has prompted the development of biological controls, cover crops, and crop rotations 
(Gunsolus and Buhler 1999; Wyse 1992), but these practices require more labor and skill 
than tillage and herbicide and also require a longer time interval to suppress weeds. 
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Conventional crop fertilization practices are not considered in IWM, despite the quick 
and extensive effects of fertilizers on the environment. Nitrogen (N) fertilizers are the most 
rapidly available, and therefore have the most immediate impact on plant growth, among the 
macronutrient fertilizers. In addition, N moves towards plant roots via mass flow, which 
suggests that the N uptake zones of competing plants will quickly overlap (Barber 1995). 
The effects of nutrients on crop species have been extensively documented, but their effects 
on weed populations are less understood. This oversight has occurred despite the potential 
for fertilization practices to change selection pressures against weed populations. 
Fertility Management and Weed Populations 
Fertilizer application timings are based primarily on convenience and, to a lesser 
extent, efforts to reduce nutrient losses to leaching and microbial degradation (Blackmer et 
al. 1995; Magdoff 1991). Reliance on herbicides and tillage to control weeds has spared 
farmers from having to consider the extent to which fertilizers are captured by weeds and 
promote weed competition for other resources (Swanton et al. 1999). Declines in water 
quality and the registration of herbicides may, however, require producers to consider how 
fertilization practices influence weed growth and thereby impact crop production (Buhler 
1999; Wyse 1992). 
Soil fertilization affects crop and weed competitiveness and therefore should be 
included in IWM strategies (DiTomaso 1995). Vengris et al. (1955) reported that com (Zea 
mays L.) yield in a weed-infested field was negatively correlated with phosphorus (P) 
availability. Alkamper (1976) reviewed several cases in which soil fertilization failed to 
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decrease weed competition with crops for a nutrient. In fact, soil fertilization increased weed 
competition with crops for a second resource, typically light. Carlson and Hill (1986) 
showed that the yield of wheat (Triticum aestivum L.) infested with wild oat {Avena fatua L.) 
was negatively correlated with N availability. 
Although Vengris et al. (1955), Carlson and Hill (1986) and Alkamper (1976) 
reported cases in which soil fertilization increased weed competition with crops, other 
authors showed that crop competitiveness was greater with soil fertilization. Shrefler et al. 
(1994) observed that P fertilization increased lettuce (Lactuca sativa L.) suppression of spiny 
amaranth (Amaranthus spinosus L.). Several authors confirmed that wheat was more 
competitive than green foxtail (Setaria viridis (L.) Beauv.) (Anderson 1991; Kirkland and 
Beckie 1998; O'Donovan et al. 1997; Valenti and Wicks 1992) following N fertilization. 
Peterson and Nalewaja (1992), however, observed that wheat was less competitive with 
green foxtail after N fertilization. 
These studies illustrate the need for weed science to investigate the differences among 
weed species in their responses to soil fertilization. Weed scientists have described, but they 
have not explained, soil fertilization effects on particular weed species - they do not 
understand how soil fertilization affects the ability of crops and weeds to compete with each 
other. Liebman and Gallandt (1997) suggested that "a mechanistic, resource-based 
explanation is needed to reconcile these opposing types of competitive outcomes". 
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Light and Nitrogen Interception 
Light Competition 
Photosynthetically active radiation (PAR), hereafter referred to as "light", does not 
persist in the plant environment in the same sense as water and nutrients. Light must be 
immediately intercepted by plants in order for it to drive photosynthesis. Plant competition 
for light is also unique, since the superior competitor both reduces the quantity and changes 
the quality of light that is available to the less competitive plant (Berkowitz 1988). Early 
dominance in light competition improves the long-term competitiveness of plants (Berkowitz 
1988; Patterson 1995). 
Plant height and rapidity of stem elongation are important factors affecting plant 
competitiveness for light. Leaf angle also influences light interception by plants: planophile 
leaves intercept more light than erectophile leaves (Aldrich and Kremer 1997). Until 
recently, crop cultivars were selected for their planophile leaves, which increased their ability 
to compete with weeds for light (Gardner et al. 1985). Leaf thickness also affects light 
interception by plants; thick leaves utilize intercepted light more efficiently than do thin 
leaves, particularly under high irradiences. Thinner leaves, however, have greater leaf areas 
per units of carbon, and may intercept more light per unit weight than thicker leaves in shade 
(Westoby et al. 1996). 
Many weed species tolerate partial shading. The leaf chlorophyll contents of 
velvetleaf (Abutilon theophrasti Medik.) and common cocklebur (Xanthium strumarium L.) 
increased with shading (Regnier et al. 1988). Shading also increased the leaf area ratios and 
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heights of common lambsquarters (Chenopodium album L.) and velvetleaf (Stoller and 
Myers 1989). 
Nitrogen Competition 
Nitrogen is essential to plant growth and is the frequent object of competition 
between plants (Troeh and Thompson 1993; Berkowitz 1988). Most available N is present as 
nitrate (NO3"), which moves through mass flow to the plant root and is less buffered than 
other macronutrients (Troeh and Thompson 1993). The mass flow of NO3" causes depletion 
zones to grow and overlap between plants more rapidly than those of other macronutrients 
(Barber 1995; Berkowitz 1988). Competition for other nutrients is slowed by the lower 
solubility of phosphorus (P), the fixation of potassium (K) and ammonium nitrogen (NH4) 
and the slow movement of other nutrients through diffusion to the plant root (Barber 1995). 
Nutrient interception increases with rooting volume, root surface area, uptake 
activity, early root growth, and root hair length (Berkowitz 1988; Aldrich and Kremer 1997). 
The allocation of assimilates to the root system also increases nutrient interception (Aldrich 
and Kremer 1997). 
Weed species differ in their efficiency in capturing and using nutrients. Seibert and 
Pearce (1993) found that broadleaf weed species had greater specific root lengths than 
broadleaf crops. Species may also alter the soil environment to extract nutrients, e.g., some 
species exude citrate that mobilizes available phosphorus in the rhizosphere (Neumann et al. 
1999). Tissue nutrient concentrations also differ among weed species (Vengris et al. 1953). 
Photorespiration in C3 cereals reduced their N use efficiency compared to C4 cereals, in 
which photorespiration was minimal (Oaks 1994). Species also differ in their use of different 
forms of N. Corn displayed an equal preference for NO3" and NH4+, while redroot pigweed 
(Amaranthus retroflexus L.) growth was reduced by NH4+, which might have been toxic to 
the plant (Salas et al. 1997; Teyker et al. 1991). 
Factors Affecting Plant Responses to Nutrients 
Effect of Light Availability 
Plant responses to nutrient availability depend on the availability of other required 
resources. Soil fertilization that alleviates competition for one nutrient may increase 
competition for a second resource (Berkowitz 1988). Conversely, the absence of one 
resource may reduce plant competitiveness for another resource. For example, a reduction in 
the light intercepted by a weed may reduce its nutrient response. Shading decreases the 
export of carbohydrates from the shoot to the root and decreases the ratio of root biomass to 
shoot biomass (Thomley 1972). This morphological plasticity allows a weed to adjust to 
growth limitations caused by light or nitrogen scarcities, but not to both at once. 
Andersson and Lundegardh (1999) found that the N sensitivity of field horsetail 
(Equisetum arvense L.) was less in shaded plants than unshaded plants, and that potassium 
sensitivity was similarly dependent on N availability. Few studies have considered the effect 
of shading on plant responses to soil fertilization, although a few studies have described how 
soil fertilization affected plant competition for light. The effects of N fertilization on barley 
(Hordeum vulgare L.) and pea (Pisum sativum L.) infested with mustard species (Brassica 
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kaber (DC) L.C. Wheeler and B. hirta Moench) included changes in light interception by 
those species. 
Cultural practices can reduce light availability to weeds (Aldrich and Kremer 1997). 
Kidney bean (Phaseolus vulgaris L.) rows that were spaced between 15 and 36 cm apart 
reduced weed fresh weights by 82%, when compared to rows spaced 92 cm apart (Teasdale 
and Frank 1983). Narrow row spacing and higher crop population densities decreased green 
foxtail biomass by 72% in safflower (Carthamus tinctorius L.) and decreased sorghum 
(Sorghum bicolor (L.) Moench) and pearl millet (Pennisetum glaucum (L.) R. Br.) yield loss 
to velvetleaf (Limon-Ortega et al. 1998; Blackshaw 1993). 
Crop cultivars may also differ in their ability to compete with weeds for light. Leaf 
area expansion rates were positively correlated with the ability of tall fescue (Lolium 
arundinaceum (Schreb.) S.J. Darbyshire) to suppress weeds (Forcella 1987). Differences in 
wild oat suppression by wheat and barley (Hordeum vulgare L.) were attributed to 
differences in light interception between the two crop species (Lanning et al. 1997). 
Weed Seed Weight 
Differences in physiology and life histories among crop and weed species may affect 
responses to soil fertilization. Trade-off theory suggests that species that are highly 
productive in one environment will be less productive in other environments (Tilman 1990). 
Annual weed species often have greater relative growth rates, particularly as seedlings, than 
the crops that they infest (Seibert and Pearce 1993). Annual weeds may therefore be more 
sensitive to nutrient stress than crop species. 
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Relative growth rates are also negatively correlated with seed weights (Seibert and 
Pearce 1993). The greater relative shoot growth rates of small-seeded species may be 
attributed to their greater specific leaf areas (leaf area per leaf weight) (Westoby et al. 1996). 
The greater relative growth rates of smaller-seeded annual weed species allow them to 
compete with larger-seeded crop species (Seibert and Pearce 1993). Relative growth rates, 
however, are equal to resource influx rates: i.e., greater relative growth rates require greater 
resource capture rates (Ingestad and Agren 1991). Shipley and Keddy (1988) found that the 
sensitivities of emergent macrophytes to nutrient availabilities were positively correlated 
with relative growth rates. 
Westoby et al. (1996) suggested that smaller-seeded species are less competitive for 
light than larger-seeded species. Larger seeds produce larger seedlings that better capture 
above- and below-ground resources. The ratio of seed reserves dry weight to embryo dry 
weight is positively correlated with seed weight, allowing greater plasticity in response to 
resource limitations (Fenner 1983). The limited reserves of small-seeded annual weed 
species may be associated with their intolerance of shading (Fenner 1983; Aldrich and 
Kremer 1997). 
Smaller-seeded annual weeds are therefore favored by fertile environments, where 
their greater relative growth rate allows them to intercept nutrients before the crop 
(Berkowitz 1988; Aldrich and Kremer 1997; Patterson 1995). The positive correlation 
between growth rate and soil fertility, however, may reduce the competitiveness of smaller-
seeded weeds in less fertile environments. Seed weight can vary by three orders of 
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magnitude among weed species (Mohler 1996). Crop and weed responses to nutrient and 
light availability may therefore differ according to seed weight. 
Plant Population Density 
Plant responses to soil fertilization may also depend on the relative proportions of 
species in a plant community. Carlson and Hill (1986) found that spring wheat yields 
increased with soil N fertilization only when wild oat densities were less than 1.6 % of the 
total plant density. The effects of environment on plant population density responses have 
been studied, but the effects of plant population densities on plant responses to environmental 
changes have not been described (Flint and Patterson 1983; Iqbal and Wright 1997). 
Emergence Timing Relative to Crop 
The intolerance of annual weeds to shading may explain why the critical weed-free 
period in annual crops is often only a few weeks in length (Aldrich and Kremer 1997; Hall et 
al. 1992; Knezevic et al. 1994; Woolley et al. 1993). This brief period may allow the crop to 
gain a permanent height advantage over weeds, and weeds that emerge thereafter likely cause 
negligible crop yield loss (Liebman and Gallandt 1997; Klingaman and Oliver 1994). The 
critical weed-free period in corn infested with giant foxtail (Setaria faberi Herrm.), for 
example, can be as brief as the first three weeks after emergence (Knake and S life 1965). 
The emergence times of weeds and crops may affect their responses to soil 
fertilization, since plants that intercept more light may be better competitors for nutrients. 
Conversely, the soil fertility effect on weed competitiveness may alter the duration of the 
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critical weed free period. Hartzler et al. (1999) demonstrated that the beginning and peak 
emergence times of common waterhemp (Amaranthus rudis Saner.), giant foxtail, velvetleaf 
and woolly cupgrass (Eriochloa villosa (Thunb.) Kunth) varied by several weeks. Velvetleaf 
and woolly cupgrass emerged first in that study and thus maybe the most responsive to early 
N availability. Common waterhemp, which emerged last in that study, is may respond less to 
differences in springtime N availability than the other species. 
Application of Results and Technology Transfer 
Fertilizer availability to weeds can be reduced if the appropriate soil fertilization 
timing and placement are used. One option is to delay N applications until after crop 
emergence. Delayed N applications may also reduce N loss from the root zone and leaching 
into groundwater during early spring (Blackmer et al. 1995; Blackmer and Voss 1997; 
Magdoff 1991 ; Magdoff 1992). 
Banded fertilizer applications can reduce nutrient availability, relative to broadcast 
applications, to weeds between crop rows. Kirkland and Beckie (1998) found that the 
banded N applications in spring wheat increased grain yield by 12% and decreased wild oat 
and broadleaf weed densities, biomass and N uptake by up to 40% compared to the broadcast 
application of N fertilizer. Green and animal manures can release N more gradually than 
inorganic fertilizers, thereby reducing the amount of N that is available to early-emerging 
weeds. Dyck et al. (1995) found that the use of crimson clover (Trifolium incarnatum L.) as 
a N source reduced soil nitrate concentrations at planting by 52 %, compared with synthetic 
N fertilizer. Common lambsquarters early season and final biomass were reduced 72 % and 
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39 %, respectively. Similar benefits might be derived from synthetic fertilizers that are 
engineered to release nutrients more slowly. 
Proper fertility management may also affect the efficacy of post emergence herbicide 
applications. Hunter et al. (1993) determined that the inhibiting effect of glyphosate on 
rhizome bud growth in quackgrass (Elytrigia repens (L.) Nevski) was offset by increased N 
supply and that the effect of N supply on glyphosate efficacy was dependent on herbicide 
dosage. They also suggested that the increased N supply increased the amino acid content of 
quackgrass, thereby allowing the plant to tolerate the effect of glyphosate on amino acid and 
protein metabolism. Dickson et al. (1990) found, however, that fluazifop and glyphosate 
efficacies in oat (Avena sativa L.) were greater with high N. They suggested that the 
decreased growth rate that occurred under low N conditions reduced the strain on membranes 
damaged by the herbicide and reduced the demand for membrane synthesis. 
Research Objectives 
The research reported in this tome was conducted to meet two goals. The first goal of 
the research was to determine whether the management of N availability to crops and weeds 
in late spring might alter the competitiveness of plant species. The second goal of the 
research was to further our understanding of how what effect (if any), the seed sizes and 
relative population densities of competing plant species might have on their responses to N 
availability. 
Three experiments were conducted to meet the two goals stated in the previous 
paragraph. The objective of the field experiment was to determine the effect of N application 
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timing on the competitiveness of corn and three annual weed species. The secondary 
objective of the field experiment was to determine whether the effect of N application timing 
on corn and weeds was influenced by corn population density. 
The objective of the second experiment, which was conducted in a growth chamber, 
was to compare the responses of eight plant species to different levels of shade and N 
fertilization rates. The eight species were chosen to represent a range of seed sizes, based on 
our hypothesis that seed size might influence seedling responses to environmental changes. 
The objective of the third experiment, which was conducted in a glasshouse, was to 
investigate the effect of changes in the relative densities of a crop and weed species on their 
responses to N fertilization rate. The two species were grown in close proximity (shared 
pots) to increase the likelihood of competition between them. 
The research was conducted with the hope of furthering our understanding of the 
effect of soil N availability on the competitiveness of weeds relative to crops. In some 
management systems, the timing of N fertilization might be altered to reduce weed 
competitiveness against crops. In other cropping systems, where size and time 
considerations prohibit the modification of existing fertilization strategies, the better 
understanding of weed responses to soil N availability could, nonetheless, benefit farmers 
through refinements in the accuracy of weed prediction models. 
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CHAPTER 2. SHADE AND GROWTH RATE EFFECTS ON CROP AND WEED 
RESPONSES TO NITROGEN 
A paper submitted to Weed Science. 
Matthew M. Harbur1'3 and Micheal D.K. Owen2 
Abstract 
Weed science lacks a sufficient understanding of how shade and relative growth rate 
influence crop and weed responses to nutrient availability. We studied the responses of eight 
crop and weed species, in light and shade, to daily fertilization with either 7.5 or 0.2 mM 
NH4NO3. Dry weights and leaf areas of all species at 18 days after emergence (DAE) were 
greater with high N than with low N. These favorable responses to high N were also greater 
in light than in shade in all species. Dry weights with high N were up to 100% greater in 
shade, and up to 700% greater in light, than with low N. These responses suggest that shade 
reduced the benefit of N to the plants. Dry weight and leaf area responses to N were 
positively correlated with their respective relative growth rates under high N conditions. The 
regression slopes of relative growth rates with high N on relative growth rates with low N 
were less than unity. These slopes demonstrated an ecological trade-off in which the fastest-
1 Graduate student, Dept. of Agronomy, Iowa State University. 
2 Graduate advisor and Professor, Dept. of Agronomy, Iowa State University. 
3 Corresponding author. 
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growing species with high N suffered greater proportional decreases in growth with low N. 
Relative growth rates were also negatively correlated with mean seed weights among species, 
supporting the assertion of other studies that differences in seed size between species may be 
associated with morphological differences that can be exploited in weed management. 
Nomenclature: common lambsquarters, Chenopodium album L. CHEAL; common 
waterhemp, Amaranthus rudis Sauer AM AT A; giant foxtail, Setaria faberi Herrm. SETFA; 
velvetleaf, Abutilon theophrasti Medicus ABUTH; wild mustard, Brassica kaber (DC.) 
L.C.Wheeler SINAR; woolly cupgrass, Eriochloa villosa (Thunb.) Kunth ERBVI ; corn, Zea 
mays ZEAMA; soybean, Glycine max L. GLYMX. 
Key words: shading, leaf area, nitrogen, relative growth rate, seed weight. 
Introduction 
The positive contributions of fertilizers to crop yields were widely investigated and 
accepted in the last century, but the effect of fertilization on weeds has typically been 
ignored. This oversight has been facilitated by the reliance upon tillage and herbicides to 
assure that nutrient applications produced the desired outcome. The effect of fertilization on 
the competition between a crop and a weed species also varies among species. For example, 
yield losses to weeds were sometimes increased by higher fertilization rates, so much that 
total yield decreased with fertilization (Vengris et al. 1955; Carlson and Hill 1986). But 
fertilization increased crop competitiveness in other cases and reduced yield loss to weeds 
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(Shrefler et al. 1994; Anderson et al. 1998; Kirkland and Beckie 1998; O'Donovan et al. 
1997; Valenti and Wicks 1992). 
While integrated weed management (IWM) tactics have given little consideration to 
the management of nutrients, fertilization may affect the micro-environment of weeds as 
much as current IWM practices, such as mechanical cultivation and crop rotation (Gunsolus 
and Buhler 1999; Wyse 1992). This omission, we believe, encourages the continuation of 
fertilization practices that increase the vigor of crops and weeds alike, and increase the need 
for weed cultivation and possibly high rates of herbicide application. 
An understanding of the mechanism of crop and weed responses to nutrients is 
required before strategies that reduce the availability of nutrients to weeds can be developed 
(Liebman and Gallandt 1997). The genetic potential of plants for growth, and the 
environmental effects of cultural practices, must be recognized in order to explain the 
response of individual species to soil fertility. 
The comparative physiologies and growth schedules of crop and weed species may 
determine their responses to the availability of nutrients. Trade-off theory suggests that 
species that are superior for one environment will be at a disadvantage in other environments 
(Tilman 1990). Accordingly, species that had greater relative growth rates (R) under fertile 
conditions were more responsive to the decrease in nutrients (Shipley and Keddy 1988) than 
species that were slower-growing. Some weed species have greater early-season R values 
than the crops that they infest (Seibert and Pearce 1993) and may thereby be more sensitive 
to nutrient stress than crop species. 
Existing cultural practices can reduce the availability of other resources required for 
growth. The planting of higher crop densities (Teasdale and Frank 1983) and the narrowing 
26 
of row-spacing, in particular, increased the shading of weeds (Limon-Ortega et al. 1998; 
Blackshaw 1993). Practices that reduce the growth of weeds may also reduce their response 
to nutrients. Conversely, the management of nutrients may be more important in scenarios 
where there is less shading of weeds, since the potential for weeds to benefit from additional 
nutrients may be increased. Andersson and Lundegardh (1999) found that field horsetail 
(Equisetum arvense) responses to nitrogen (N) decreased when plants were shaded and that 
the response to potassium similarly depended on N availability. Few other studies, however, 
have considered the effect of shading or other environmental stresses on the nutrient 
responses of weeds. 
N is essential for plant growth and is frequently the object of plant competition 
(Troeh and Thompson 1993; Berkowitz 1988). Available N is most commonly present as 
nitrate, which moves via mass flow and is buffered less than other macronutrients (Troeh and 
Thompson 1993). N, because of its dramatic fluctuations in availability in the inorganic 
form, may have the greatest potential, among nutrients, to be managed. The time of 
application, for example, may be adjusted to reduce the capture of N by weeds thus 
minimizing the associated reduction in crop yield (DiTomaso 1995). 
These considerations prompted us to investigate the response of six weed and two 
crop species to shading and the availability of N in a controlled environment. The objectives 
were to determine the effect of shading on the response of each species to the availability of 
N, and to quantify the correlation between the responses of species to the availability of N 
and their growth rates. 
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Materials And Methods 
The effects of two shade levels and two rates of N fertilization on six weed and two 
crop species were tested. The treatments were arranged in a randomized complete block 
design with time as a blocking factor. The experiment consisted of four runs, each 
containing one replication, and was conducted in a growth chamber1 that provided 16 h of 
photosynthetic active radiation and 8 h of darkness at 22 C and 17 C, respectively. 
Treatments were arranged within each block in a split-split plot design with shade level, 
concentration of N, and species as the main-plot, subplot and sub-subplot levels, respectively. 
Each experimental unit was comprised of one pot, which contained one or more plants of a 
single species. 
The high and low light treatments had photosynthetic photon flux densities of 150 or 
450 |imol m"2 s"1, respectively, at the start of the experiment. Shaded plants were grown 
inside a plastic frame covered with black lumite polypropylene cloth2, similar to that used by 
Bello et al. (1995). Pots were spaced to prevent shading of one experimental unit by another. 
Each pot contained 3.0 L of fine silica sand and was fertilized daily throughout the 
experiment with 250 ml of a complete nutrient solution (Hoagland and Arnon 1950) that 
contained either 7.5 or 0.2 mmol ammonium nitrate (Table 1). The species were common 
lambsquarters, common waterhemp, corn, giant foxtail, soybean, velvetleaf, wild mustard 
and woolly cupgrass. 
The pots were covered until emergence with plastic bags that promoted the 
simultaneous emergence of different species. Plants were thinned after emergence to six 
weed plants or one crop plant per pot. The plants were harvested 18 d after emergence 
(DAE) and washed to remove sand. The plants within each experimental unit were pooled 
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and sectioned into roots, stems and leaves. Leaf areas were measured using a belt-fed leaf 
area meter3 and dry weights were determined after drying samples at 60 C for 48 h. Results 
were analyzed and presented on a per-plant basis. 
Leaf areas were also estimated prior to harvest from non-destructive measurements of 
leaf length and width. The product of length and width for each leaf was multiplied by a 
constant, k, that was calculated using the method of Mashingidaze (1990) in a separate 
experiment. These constants are listed, along with the average seed weight of each species, 
in Table 2. One crop or three weed plants pot"1 were measured, and the average leaf area per 
plant was used in statistical analyses. 
The natural logarithms of leaf area and dry weight in each experimental unit, were 
modeled as linear functions of time. The relative growth rates of leaf area (RA) and dry 
weight (Rw) were defined by the slope of each function. The sensitivity of leaf area (SA) to 
N was calculated from the predicted leaf area values as: 
where A(high N) and A(low N) are the leaf areas with the high and low concentrations of N, 
respectively. Similarly, the sensitivity of dry weight (Sw) to N was calculated from the dry 
weight values as: 
where W(high N) and W(low N) are the dry weights with the high and low concentrations of 
N, respectively. The average sensitivities of each species to N, over time, was used for the 
interpretation of results. 
_ A(high N) - A(low N) 
A 
~ A(high N) 
(1) 
_ W(high N) — W(low N) 
w 
~ W(high N) (2) 
29 
Analyses of variance and regression were used to interpret the results. Analysis of 
variance was used to test the effect of shade, N and the shade*N interaction on leaf area at 18 
DAE. Leaf area responses to N, shade and the N* shade interaction at 18 DAE were tested 
for their differences from zero. The regression of the sensitivities of leaf area on the relative 
growth rates of species with high N was tested for the difference of its slope from zero. We 
hypothesized that the previous regression slope would be greater than zero if sensitivity to N 
was correlated with growth rate. The regression of the relative growth rates of leaf area with 
low N on the relative growth rates with high N was tested for the difference of its slope from 
unity. We hypothesized that this regression slope would be less than unity if the reduction in 
growth rate with low N was positively correlated with the growth rate with high N. The 
regression of the relative growth rates of leaf area on the natural log of seed weight was 
tested for the difference of its slope from zero. The data for dry weight were analyzed the 
same way. All tests of differences and slopes were considered significant when P<0.05. 
Results And Discussion 
Leaf area and dry weight 18 DAE were analyzed separately for each species in order 
to avoid the heterogeneity of variances between species. The interactions of light*species 
and N* species also led us to analyze each species separately. Sensitivity and relative growth 
rates did not exhibit heterogeneity of variances between species. Species were, therefore, 
pooled for the analysis of these responses and the data were not transformed. 
The absolute and proportional responses to N of leaf area and dry weight 18 DAE 
were greater in plants grown in high light, compared to plants grown in low light. Dry 
weights with high N were up to 100% greater (velvetleaf and wild mustard) in low light, and 
up to 700% greater (velvetleaf and wild mustard) in high light, compared to dry weights with 
low N (Table 2.3). Leaf areas with high N were up to 300% greater (common waterhemp 
and wild mustard) in low light, and up to 1300% (common waterhemp) greater with high 
light, compared to leaf areas with low N (Table 2.4). 
The effect of light on dry weights and leaf areas 18 DAE was also strong. Dry 
weights with high light were up to 440% greater (common waterhemp) with low N, and up to 
1900% (common waterhemp) greater with high N, than with low light (Table 2.3). Leaf 
areas with high light were from 57% lower (velvetleaf) to 74% greater (common waterhemp) 
with low N, and up to 681% (common waterhemp) greater with high N, than with low light 
(Table 2.4). The negative correlations of leaf area ratio with root length and leaf area with 
root weight ratio (data not shown) were very strong (PO.Ol) for all species, suggesting that 
the decrease in leaf biomass in plants in high light and low N may have allowed a greater 
portion of plant biomass to be allocated to roots. 
Species that did not respond significantly to shade and N (common waterhemp, 
common lambsquarters and wild mustard) followed the same trends as species that were 
significantly affected. The species that had the insignificant responses also produced the 
smallest seedlings in our study, suggesting that our measurement methods may have been 
insensitive to differences in these species. We suggest that the response of these species to 
shade and N was also biologically important, even though they were not significant at the 
P=0.05 level. 
SA and Sw were positively correlated with RA and Rw, respectively, in high N. The 
regression slopes of SA on RA (Figure 2.1a) and Sw on Rw (Figure 2.1b) were significantly 
greater than zero and indicated a positive relationship between sensitivity and potential 
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growth rates. RA with low N was also correlated with RA with high N (Figure 2.2a). The 
regression slope of RA with low N on RA with high N was significantly less than unity 
(Figure 2.2b), suggesting that the species with the greatest relative growth rates with high N 
suffered the greatest decreases in relative growth rate with low N. The slopes of SA / Sw on 
RA / RW and R (low N) on R (high N) suggested that the higher relative growth rates that 
allow weeds to compete with crop species also cause them to be more stunted by low N 
availability than crop species. 
The negative slopes of regressions of RA and Rw on the natural logarithm of seed 
weight were also noteworthy (Figure 2.3a-b). Species differed in physiology as well as seed 
weight, and it is unlikely that the latter alone determined their sensitivity to N. Nonetheless, 
the relationship between seed weight and relative growth rate agreed with the negative 
correlation of those factors observed in broadleaf species by Seibert and Pearce (1993). This 
relationship also supported the suggestion that differences in the seed weight of crop and 
weed species can produce different responses to environmental stresses that may be managed 
to favor crops (Mohler 1996; Liebman and Davis 2000). 
The variation among species in responses to N under contrasting light conditions 
suggested that different responses were explained by differences in potential growth, 
resulting from environmental and genetic differences. Shade likely reduced the rate of 
photosynthesis (not measured) and net assimilation, and reduced the demand for N for the 
construction of biomass. 
The relationship between the sensitivity of species to N and their relative growth rates 
illustrated the need for understanding the comparative biology and growth schedules of 
annual weed species. The critical concentrations of N in plant tissues may also affect the 
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demand for N, and these may vary with species and time. The capture of N by different 
weeds probably depends on their rooting volumes, efficiency of uptake, and their schedule of 
root growth (Aldrich and Kremer 1997). We hope to explore these factors in future research. 
Can shade reduce the response of weeds to the availability of N in the field and, 
conversely, can the reduced availability of N reduce the growth of weeds while they are not 
shaded, especially in the early season? Answers to these questions could help in controlling 
weeds, for example, through the alteration of crop density, row spacing, cover crops, and 
other practices that reduce the critical weed-free period by hastening the closure of the crop 
canopy (Limon-Ortega et al. 1998; Blackshaw 1993). The availability of N to weeds may be 
reduced by applications that are timed with crop requirements and the placement of N 
applications near the rooting zone of the crop. 
Sources Of Materials 
1 Controlled Environments Inc. P.O Box 347. Pembina, ND 58271. 
2 A. H. Hummert and Co. 4500 Earth City Expressway Earth City, MO 63045. 
3 LI-COR LI-3100. LI-COR Inc., P.O. Box 4425, Lincoln, NE 68504. 
Acknowledgements 
The authors thank Daniel Coffey, Adam Davis, Dr. Richard Gladon, Dr. Matt Liebman, Dr. 
Ken Moore and Dr. Shawn Wright for their invaluable assistance with this experiment. This 
research was generously funded by the NRI Competitive Grants Program. 
33 
Literature Cited 
Aldrich, R. J. and R. J. Kroner. 1997. Principles in weed management. 2nd ed. 
Ames, LA: Iowa State University Press. Pages 331-359. 
Anderson, R. L., D. L. Tanaka, A. L. Black and E. E. Schweizer. 1998. Weed 
community and species response to crop rotation, tillage, and nitrogen fertility. Weed 
Technol. 12: 531-536. 
Andersson, T. N. and B. Lundegardh. 1999. Field horsetail (Equisetum arvense)--
effects of potassium under different light and nitrogen conditions. Weed Sci. 47: 47-54. 
Bello, I. A., M. D. K. Owen and H. M. Hatterman-Valenti. 1995. Effect of shade on 
velvetleaf (Abutilon theophrasti) growth, seed production, and dormancy. Weed Technol. 9: 
452-455. 
Berkowitz, A. R. 1988. Competition for resources in weed-crop mixtures. Pages 89-
119 in M. A. Altieri and M. Liebman, eds. Weed management in agroecosystems: ecological 
approaches. Boca Raton, FL: CRC Press. 
Blackshaw, R. E. 1993. Safflower (Carthamus tinctorius) density and row spacing 
effects on competition with green foxtail (Setaria viridis). Weed Sci. 41: 403-408. 
Carlson, H. L. and J. E. Hill. 1986. Wild oat (Avena fatua) competition with spring 
wheat: effects of nitrogen fertilization. Weed Sci. 34: 29-33. 
DiTomaso, J. M. 1995. Approaches for improving crop competitiveness through the 
manipulation of fertilization strategies. Weed Sci. 43: 491-497. 
Gunsolus, J. L. and D. D. Buhler. 1999. A risk management perpective on integrated 
weed management. J. Crop Prod. 2: 167-187. 
34 
Hoagland, D. R. and D. I. Arnon. 1950. The water-culture method for growing plants 
without soil. Circular — California University Agricultural Experiment Station 347: 1-39. 
Kirkland, K. J. and H. J. Beckie. 1998. Contribution of nitrogen fertilizer placement 
to weed management in spring wheat (Triticum aestivum). Weed Technol. 12: 507-514. 
Liebman, M. and E. R. Gallandt. 1997. Many little hammers: ecological approaches 
for management of crop-weed interactions. San Diego, CA: Academic Press. Pages 291-
343. 
Liebman, M. and A. S. Davis. 2000. Integration of soil, crop and weed management 
in low-external-input farming systems. Weed Res. 40: 27-47. 
Limon-Ortega, A., S. C. Mason and A. R. Martin. 1998. Production practices improve 
grain sorghum and pearl millet competitiveness with weeds. Agron. J. 90: 227-232. 
Mashingaidze, A. B. 1990. Comparison of leaf area expansion rates in four crops and 
seven weeds under two temperature regimes. M.S. Thesis. Iowa State Univ., Ames, IA. 
Mohler, C. L. 1996. Ecological bases for the cultural control of annual weeds. J. 
Prod. Agric. 9: 468-474. 
O'Donovan, J. T., D. W. McAndrew and A. G. Thomas. 1997. Tillage and nitrogen 
influence weed population dynamics in barley (Hordeum vulgare). Weed Technol. 11: 502-
509. 
Seibert, A. C. and R. B. Pearce. 1993. Growth analysis of weed and crop species with 
reference to seed weight. Weed Sci. 41: 52-56. 
Shipley, B. and P. A. Keddy. 1988. The relationship between relative growth rate and 
sensitivity to nutrient stress in twenty-eight species of emergent macrophytes. J. Ecol. 76: 
1101-1110. 
35 
Shrefler, J. W., J. A. Dusky, D. G. Shilling, B. J. Brecke and C. A. Sanchez. 1994. 
Effects of phosphorus fertility on competition between lettuce (Lactuca sativa) and spiny 
amaranth (Amaranthus spinosus). Weed Sci. 42: 556-560. 
Teasdale, J. R. and J. R. Frank. 1983. Effect of row spacing on weed competition with 
snap beans (Phaseolus vulgaris). Weed Sci. 31: 81-85. 
Tilman, D. 1990. Constraints and tradeoffs: toward a predictive theory of competition 
and succession. Oikos 58: 3-15. 
Troeh, F. R. and L. M. Thompson. 1993. Soils and Soil Fertility. 5th ed. New York: 
Oxford University Press. Pages 193-213. 
Valenti, S. A. and G. A. Wicks. 1992. Influence of nitrogen rates and wheat (Triticum 
aestivum) cultivars on weed control. Weed Sci. 40: 115-121. 
Vengris, J., W. G. Colby and M. Drake. 1955. Plant nutrient competition between 
weeds and corn. Agron. J. 47: 213-216. 
Wyse, D. L. 1992. Future of weed science research. Weed Technol. 6: 162-165. 
Table 2.1. Modified Hoagland's solution used in the experiment. 
Nutrient Supplied Form Concentration Units 
Mg MgS04 2.000 mmoles 
Ca CaS04 4.000 mmoles 
Fe FeCl3 - DTPA 0.128 mmoles 
B H3BO3 0.050 mmoles 
Mn MnS04 0.009 mmoles 
Cu CuS04 0.315 (imoles 
Zn ZNSO4 0.765 Immoles 
Mo Na2Mo04 0.100 (imoles 
Co CoS04 0.170 Immoles 
Ni NiCl2 0.020 Immoles 
K K2SO4 2.000 mmoles 
K, P K2PO4 1.000 mmoles 
N (high)' NH4NO3 7.500 mmoles 
N (low)b NH4NO3 0.200 mmoles 
a High N availability treatments only 
b Low N availability treatments only 
Table 2.2. Leaf area constants and seed weights for the eight species included in the 
experiment. Leaf area constants were multiplied by the product of leaf length and width to 
estimate actual leaf area. 
Leaf Area Constants (k) Seed Weight 
Cotyledo True g per 100 logc(g per 100 
ns Leaves seeds seeds) 
Species 
ABUTH3 0.81 0.70 1.0293 0.0289 
AMARA 0.64 0.66 0.0213 -3.8490 
CHEAL 0.66 0.80 0.0491 -3.0139 
ERBVI NAb 0.60 0.7238 -0.3232 
GLYMX 0.78 0.82 15.7006 2.7537 
SETFA NA 0.65 0.1586 -1.8414 
SINAR 0.67 0.85 0.2175 -1.5256 
ZEAMD NA 0.73 26.0951 3.2617 
a Species are identified by five-letter Bayer codes as follows: velvetleaf (ABUTH), common waterhemp (AMATA), 
common lambsquarters (CHEAL), woolly cupgrass (ERBVI), soybean (GLYMX), giant foxtail (SETFA), wild 
mustard (SINAR), and corn (ZEAMD). 
b NA, indicates that the cotyledon constant was not applicable to these species. 
Table 2.3. Effect of shade and nitrogen on crop and weed species dry weight per plant 18 days after 
ABUTH3 AMATA CHEAL ERBVI GLYMX SETFA SINAR ZEAMD 
TTifr npf «lont nig pci plain 
Shadedb Low Nc 47 6 18 45 623 23 42 590 
HighN 96 11 23 55 756 30 95 1038 
Mean 72 8 21 50 689 27 69 814 
Unshaded Low N 72 32 41 131 849 61 67 869 
HighN 470 223 98 361 1928 273 476 4680 
Mean 271 128 70 246 1389 167 271 2774 
Mean LowN 60 19 30 88 736 42 54 729 
HighN 283 117 61 208 1342 152 286 2859 
Mean 171 68 45 148 1039 97 170 1794 
LSD (0.05) 120 136 33 75 503 142 198 799 
Source of Variation 
Shade 
N 
Shade*N 
0.0126 
0.0098 
0.0170 
0.0692 
0.1007 
0.1148 
0.0145 
0.1010 
0.0746 
0.0054 
0.0117 
0.0095 
0.0253 
0.0164 
0.0191 
0.0657 
0.0744 
0.0705 
0.0447 
0.0319 
0.0609 
Low N and high N treatments were 0.2 and 7.5 mM nitrogen, respectively. 
0.0015 
0.0092 
0.0023 
a Species are identified by five-letter Bayer codes as follows: velvetleaf (ABUTH), common waterhemp (AMATA), common 
lambsquarters (CHEAL), woolly cupgrass (ERBVI), soybean (GLYMX), giant foxtail (SETFA), wild mustard (SINAR), and corn 
(ZEAMD). 
b Shaded and unshaded plants were grown at photosynthetic photon flux densities of 150 and 450 |imol m"2 s', respectively. 
Table 2.4. Effect of shade and nitrogen on crop and weed species leaf area per plant 18 days after emergence. 
ABUTH AMATA CHEAL ERBVI 
i-'Ill" npr 1M 11 t 
GLYMX SETFA SINAR ZEAMD 
vlll pel pidlll 
Shaded LowN 17.29 1.92 5.07 8.16 111.27 3.64 7.64 87.40 
HighN 35.82 5.09 9.68 11.46 152.03 4.44 34.20 194.91 
Mean 26.56 3.50 7.37 9.81 131.65 4.04 20.92 141.15 
Unshaded LowN 7.43 3.34 4.23 12.06 92.00 5.00 7.88 74.10 
HighN 81.38 39.73 17.34 45.11 268.59 26.73 73.01 418.00 
Mean . 44.40 21.53 10.78 28.58 180.29 15.86 40.45 246.05 
Mean LowN 12.36 2.63 4.65 10.11 101.63 4.32 7.76 80.75 
HighN 58.60 22.41 13.51 28.28 210.31 15.58 53.60 306.46 
Mean 35.48 12.52 9.08 19.19 155.97 9.95 30.68 193.60 
LSD (0.05) 16.81 16.78 5.84 12.34 47.33 11.54 22.60 80.84 
Qnnr/^P nf Varifltinn p 
Shade 
N 
Shade*N 
0.0417 
0.0030 
0.0130 
0.0347 
0.0353 
0.0428 
0.0905 
0.0477 
0.0547 
0.0162 
0.0243 
0.0242 
0.0733 
0.0060 
0.0126 
0.0462 
0.0631 
0.0620 
0.0706 
0.0075 
0.0726 
0.0355 
0.0035 
0.0081 
a Species are identified by five-letter Bayer codes as follows: velvetleaf (ABUTH), common waterhemp (AMATA), common 
lambsquarters (CHEAL), woolly cupgrass (ERBVI), soybean (GLYMX), giant foxtail (SETFA), wild mustard (SINAR), and corn 
(ZEAMD). 
b Shaded and unshaded plants were grown at photosynthetic photon flux densities of 150 and 450 pmol m"2 s"% respectively. 
c Low N and high N treatments were 0.2 and 7.5 mM nitrogen, respectively. 
(a) (b) 
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Figure 2.1. Regressions of (a) sensitivity of leaf area, SA, on the relative growth rate of leaf area, RA, and (b) 
sensitivity of dry weight, SW, on the relative growth rate of dry weight, RW. Species are: common waterhemp (Ar), 
velvetleaf (At), wild mustard (Bk), common lambsquarters (Ca), woolly cupgrass (Ev), soybean (Gm), giant foxtail 
(Sf) and corn (Zm). * and ** indicate differences of slope from zero at 0.05 and 0.01 levels of probability, 
respectively. 
Y = 0.74X - 0.02 
R = 0.77 
(b) 
0.1 0.2 0.3 0.4 0.5 
RA (high nitrogen) 
Y = 0.59X + 0.03 ** 
R = 0.41 
0.1 0.2 0.3 
Rw (high nitrogen) 
Figure 2.2. Régressons of (a) relative growth rate of leaf area (RA) with low nitrogen on RA with high nitrogen, and (b) 
relative growth rate of dry weight (Rw) with low nitrogen on Rw with high nitrogen. Species are: common waterhemp 
(Ar), velvetleaf (At), wild mustard (Bk), common lambsquarters (Ca), woolly cupgrass (Ev), soybean (Gm), giant 
foxtail (Sf) and corn (Zm).ns and ** indicate that the slope is not significantly different from zero, and different from 
zero at the 0.01 level of probability, respectively. 
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Figure 2.3. Regressions of (a) relative growth rate of leaf area (RA) and (b) relative growth rate of dry weight (Rw) on 
the natural logarithms of seed weight. Species are: common waterhemp (Ar), velvetleaf (At), wild mustard (Bk), 
common lambsquarters (Ca), woolly cupgrass (Ev), soybean (Gm), giant foxtail (Sf) and corn (Zm). * and ** indicate 
differences of slope from zero at 0.05 and 0.01 levels of probability, respectively. 
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CHAPTER 3. RESPONSE OF THREE ANNUAL WEEDS TO CORN (Zea mays L.) 
POPULATION DENSITY AND NITROGEN FERTILIZATION TIMING 
A paper to be submitted to Weed Science. 
Matthew M. Harbur 1,2 and Micheal D.K. Owen3 
Abstract 
Soil fertilization practices may affect the competitive abilities of crops and weeds. 
Our understanding of how weed communities respond to nutrient influxes, however, remains 
limited. We conducted a three-year field comparison of ammonium nitrate applications prior 
to corn emergence (PRE N) or in late June on the competitive abilities of giant foxtail 
(Setaria faberi Herrm.), velvetleaf (Abutilon theophrasti Medicus), and common waterhemp 
(Amaranthus rudis Sauer) with field corn. The nitrogen (N) timing effects were studied in 
corn population densities of 5.4 and 7.9 plants m"2 in order to understand how the N effect on 
crop and weeds might have been influenced by com population density. By late June of each 
year, leaf areas were 33% (corn), 180% (velvetleaf), and 69% (giant foxtail) greater with PRE 
N than with POST N. Common waterhemp leaf area in late June was unaffected by N 
timing. Corn population density did not affect the shoot dry weights of weeds evaluated in 
1 Graduate student, Dept. of Agronomy, Iowa State University. 
2 Corresponding author. 
3 Graduatse advisor and Professor, Dept. of Agronomy, Iowa State University 
44 
late June. Corn and velvetleaf heights in late July were up to 23 and 92% greater, 
respectively, with PRE N compared to POST N. Common waterhemp and giant foxtail 
heights in late July were unaffected by N timing. Com yield was decreased 13 to 18% by 
giant foxtail with POST N compared to PRE N. Velvetleaf seed yield was 13 to 195% 
greater with PRE N than POST N, but giant foxtail seed yield was 55% lower with PRE N 
than with POST N. Velvetleaf and giant foxtail seed yields were 23 to 56% and 30 to 62% 
lower, respectively, with the high com population density compared to the low population 
density. In competition between com and common waterhemp, neither N timing nor com 
population affected com yield loss or common waterhemp seed production. N management 
may alter weed competitiveness and weed seed production in com, but fertilization 
recommendations may vary with the weed species that are present. 
Nomenclature: common waterhemp, Amaranthus rudis L. Sauer AM AT A; giant foxtail, 
Setaria faberi L. Herrm. SETFA; velvetleaf, Abutilon theophrasti L. Medicus ABUTH; com, 
Zea mays L. '33V08 ZEAMA. 
Key words: nitrogen, fertilization timing, population density, leaf area, competition, weed 
seed production. 
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Introduction 
The application of N fertilizers prior to corn planting has been based primarily on 
convenience. Post-emergence applications have been promoted for their potential to reduce 
nutrient losses to leaching and transformation to volatile forms (Blackmer et al. 1995; 
Magdoff 1991). Reliance on herbicides and tillage to control weeds has spared farmers from 
having to consider the extent to which fertilizers are captured by weeds and promote weed 
competition for other resources (Swanton et al. 1999). Declines in water quality and the loss 
of herbicide registrations may, however, require producers to consider how fertilization 
practices influence weed growth and thereby impact crop production (Buhler 1999; Wyse 
1992). 
Some authors have speculated that weeds generally benefit more from soil 
fertilization than do crops (Alkamper 1976). There may indeed be common properties of 
weeds that contribute to their responses to soil fertilization (Liebman and Davis 2000; 
Mohler 1996; Fenner 1983; Westoby et al. 1996). Field studies, however, have suggested 
that the effect of fertilization on the competitive ability of weeds was more species-specific. 
Vengris (1955) found that corn yield loss to broadleaf weeds was negatively correlated with 
the rate of phosphorus (P) fertilization, whereas Shrefler et al. (1994) found that lettuce 
(Lactuca sativa L.) suppression of spiny amaranth (Amaranthus spinosus L.) increased with P 
fertilization. Similarly, wheat (Triticum aestivum L.) yield loss to wild oat (Avena fatua L.) 
increased with N fertilization (Carlson and Hill 1986), whereas wheat yield loss to green 
foxtail (Setaria viridis (L.) Beauv.) decreased with N fertilization (Anderson et al. 1998; 
Kirkland and Beckie 1998; O'Donovan et al. 1997). 
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Soil fertilization effects on weed species might have been affected by the life histories 
of weeds. Plant demand for a nutrient may be affected by emergence time, relative growth 
rate, seed reserves, seedling size and critical tissue nutrient concentrations (Shipley and 
Keddy 1988; Fenner 1983; Westoby et al. 1996). The amount of a nutrient that is available to 
a plant may be affected by root length (Berkowitz 1988), and preference for NO3" or NFLf 
(Salas et al. 1997; Teyker et al. 1991). 
Soil fertilization may alleviate plant competition for a nutrient while increasing weed 
competition for a second resource, especially light (Berkowitz 1988). The inability of a plant 
to capture one resource may, conversely, negate its ability to compete for a second resource. 
For example, decreases in photosynthetically active radiation (PAR), referred to henceforth as 
"light", reduce the export of carbohydrates from the shoot to the root and decrease the ratio of 
root biomass to shoot biomass (Thomley 1972). This morphological plasticity allows a weed 
to adjust its growth to limitations in light or nitrogen, but not to both at once. Thus, 
management practices that reduce nitrogen and light availability to weeds may be more 
successful when paired together. 
Nitrogen is essential to plant growth and is the frequent object of competition 
between plants (Troeh and Thompson 1993; Berkowitz 1988). Most available N is present as 
nitrate (NO3"), which moves via mass flow and is less-buffered than other macronutrients 
(Troeh and Thompson 1993). The mass flow of NO3" causes its depletion zones to grow and 
overlap between plants more rapidly than those of other macronutrients (Barber 1995; 
Berkowitz 1988). Competition for other nutrients is slowed by the lower solubility of 
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phosphorus (P), the fixation potential of potassium (K) and ammonium nitrogen (NH4) and 
their movement via diffusion (Barber 1995). 
Light interception by weeds has been reduced by cultural practices and cultivar 
selection. Shading of weeds was positively correlated with crop population densities and was 
greater with row widths that allowed the more uniform distribution of crop plants (Bello et al. 
1995; Blackshaw 1993; Forcella et al. 1992). Light interception also varies among crop 
cultivars. Greater leaf area expansion rates increased the ability of tall fescue {Festuca 
arundinacea Schreb.) to suppress weeds (Forcella 1987). Differences in wild oat suppression 
by wheat and barley (Hordeum vulgare L.) were attributed to differences in light interception 
between the two crop species (Lanning et al. 1997). 
We conducted a three-year field experiment in Iowa to study the effect of N 
fertilization timing and corn population density on the growth of three annual weed species in 
that crop. We hypothesized that the growth of com and weed seedlings was affected by early 
season N availability; that the seed production of com and weeds was affected by early spring 
N availability; and that an increase in com density would increase the effect of N 
manipulation strategies on weed management. 
Materials and Methods 
Experimental Design 
The field experiment was conducted from 2000 to 2002 near Boone, IA. New 
locations were established each year on Canisteo (fine-loamy, mixed (calcareous), mesic 
Typic Haplaquoll) and Clarion (fine-loamy, mixed, mesic Typic Haplaudoll) soils that had 
produced corn the previous year. It was intended that the production of com at each location 
in the year preceding the study would reduce the residual N that might have interfered with 
fertilization timing effects. Treatments were arranged in a split-split plot design, with two 
com population density levels as the main plot treatments, two N fertilization times as the 
subplot treatments and three weed species and a weed-free control as the sub-subplot 
treatments. The treatment combinations were replicated eight times in each year. Plot 
lengths were: 27 m for main plots, 12 m for subplots and 3 m for sub-subplots. Subplots 
were separated with a 3 m alley that was planted with oat (Arena sativa L.). All plots 
contained six rows spaced 0.76 m apart that were oriented from north to south. 
Pioneer 33V08 com1 was treated with captan (c«-iV-((trichloromethyl)thio)-4-
cyclohexene-1,2-dicarboximide), planted at rates of 6.0 and 8.8 seeds per m2 and thinned to 
final population densities of 5.4 and 7.9 plants per m2 when com reached the V2 growth stage 
(Ritchie et al. 1997). The middle four rows in each plot were seeded with giant foxtail, 
velvetleaf, common waterhemp or left weed-free (control). The weed species were sown 
with a small garden-type push planter immediately following com planting, at depths of 0.1 
cm (common waterhemp) or 1.0 cm (giant foxtail and velvetleaf). Weeds were planted in 
excess and thinned to population densities of 8 (velvetleaf and common waterhemp) or 16 
(giant foxtail) plants per m of row upon reaching the two-leaf stage. These population 
densities significantly reduced grain yields of conventionally grown com in previous studies 
of giant foxtail (Knake and Slife 1962) and velvetleaf (Lindquist et al. 1996). The target 
population density of common waterhemp was based on the population density that reduced 
com yield in a study of redroot pigweed (Knezevic et al. 1994), which belongs to the same 
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taxonomic family as common waterhemp. Volunteer weeds were controlled manually 
throughout the remainder of the growing season. 
Ammonium nitrate (NH4NO3) was applied either prior to corn emergence (PRE N) or 
when corn reached growth stage V7 (POST N). The fertilizer was applied with a push 
spreader to the crop row, at a rate of 225 kg N ha"1, and was left unincorporated so as to avoid 
disturbing com and weeds. Because of the high solubility in water and low volatilization of 
NH4NO3, we expected N to be available to plants soon after application (Keller and Mengel 
1986). Phosphorus, potassium and lime were applied uniformly to the plot area during the 
previous fall, according to Iowa State University soil test results and fertilization 
recommendations. Soil core samples were taken from the top 25 cm of soil in each subplot 
in late May and submitted to the Iowa State University Soil Testing Laboratory for 
verification of N availability differences between N fertilization timings. Inorganic N was 
extracted with 2 M KC1 and NO3- was measured using the cadmium reduction method 
(Mulvaney 1996). 
Response Variables 
Com and weeds were harvested from 25 cm lengths of each of the center two rows 
when com reached the V6 stage (Ritchie et al. 1997). Leaf area was immediately determined 
using a LICOR 3100 belt-fed leaf area meter2. Shoots were dried for 4 d at 60 C, weighed, 
and ground to pass through a 2 mm sieve. Samples were submitted to the Iowa State 
University Soil Testing Laboratory for analysis of total N concentration using a modified 
Dumas method (Sparks 1996). 
Corn and weed heights were measured weekly between the early harvest and corn 
tasselling, at which time corn did not increase further in height (Ritchie et al. 1997). Light 
transmittance to the top of the weed canopy was also measured weekly during that period 
(Walker et al. 1988). Photosynthetic photon flux density (PPFD) was measured immediately 
above the corn and weed canopies. PPFD was measured under cloudless conditions, between 
0930 and 1430 h local time, using a LI-COR LI-191SA line quantum sensor3. Transmittance 
was calculated as the ratio of PPFD immediately above the weed canopy to PPFD 
immediately above the corn canopy. The line quantum sensor was placed diagonally between 
the center two rows and leveled prior to each measurement. 
Seeds were harvested from 0.25 m lengths in each of the center two rows. Velvetleaf 
seed capsules were collected as they matured. Giant foxtail seeds were collected in Del-Net4 
translucent plastic mesh bags that were placed around the seed heads as they emerged. 
Common waterhemp is a dioecious species and therefore the seed heads could not be bagged 
prior to harvest without disrupting pollination. Common waterhemp seed heads were 
removed from the plants immediately following com harvest in order to minimize seed loss. 
The seeds of each weed species were removed from the seed heads, cleaned with an air 
column cleaner, and weighed. Com was hand-harvested from 1.0 m lengths of each of the 
center two rows. Kernels were removed with a mechanical sheller5, weighed and sampled for 
moisture content. Grain weight was adjusted to 15.5% moisture before comparing 
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Statistical Analyses 
The PROC MIXED subroutine of SAS6 was used to test the significance of 
differences in corn leaf area, shoot dry weight and shoot N concentration in June; height at 
corn tasselling; and grain weight at physiological maturity. Weed responses that were tested 
were leaf area, shoot dry weight and shoot N concentration in June; height at corn anthesis; 
and total weed seed weight. Differences in PPFD transmittance to the top of the weed 
canopy were tested similarly. Year by treatment interactions were significant for most of the 
com response variables, so data were analyzed separately by year (Table 1). Similarly, the 
three weed species responded differently to N timing and com population density treatments 
and so the response of each species was analyzed individually (Table 2). Means comparisons 
and a priori contrasts were conducted with the alpha level set at 0.05. 
Path analyses were used to identify the relative importance of response variables in 
determining the seed yield responses of com and weeds (Mitchell 1993). Data were log-
transformed prior to the construction of the model. The selected model was constructed from 
the independent soil N variable and the response variables com height, weed height, com 
canopy transmittance, com grain weight and weed seed weight. Height and transmittance 
values were measured at com anthesis in each year. The model was selected to have a P > %2 
greater than 0.05 and to minimize the value of the Akaike Information Criterion (AIC), which 
was an index of the model's fit relative to the number parameters that it contained. Path 
coefficients were calculated using the PROC CALIS subroutine of SAS. 
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Results and Discussion 
Weather 
Notable deviations from the 30-year averages for monthly temperature means and 
precipitation totals occurred in 2000 and 2001 (Table 3.1). In 2000, we suspected that 
droughty conditions close to the soil surface were responsible for the delayed weed 
emergence observed in that year. Typically, velvetleaf emerges concurrently with corn and 
giant foxtail emerges soon thereafter (Hartzler et al. 1999; Lindquist 2001), but neither weed 
species emerged in 2000 until three weeks after corn. This delay likely afforded the corn an 
atypical competitive advantage. Precipitation during the remainder of the 2000 growing 
season was also less than the historical averages for those months. Abnormally cool and wet 
weather slowed plant growth in late spring 2001, but temperatures were close to the monthly 
means during the rest of the growing season. Monthly precipitation totals were less than the 
historical means during most of the 2001 growing season, but none of the species in this 
study displayed symptoms of moisture stress. Temperatures and precipitation totals during 
the 2002 growing season were close to the historical monthly means. 
Early Season 
Corn, velvetleaf and giant foxtail rapidly responded to N fertilization timing in all 
three years of the experiment, supporting our hypothesis that N fertilization practices affect 
both crop and weed growth (Figure 3.1). The leaf areas and dry weights of these three 
species were greater with PRE N than with POST N. Common waterhemp (Figure 3.1c) did 
not respond to N fertilization timing. It was hypothesized that the late emergence of common 
waterhemp, which occurred in early June, caused that species to not respond to N timing 
(Hartzler et al. 1999). 
Corn, velvetleaf and giant foxtail were greater in size by late June with PRE N, 
compared to POST N. Corn leaf areas were 34 to 75 % greater with PRE N than with POST 
N (Figure 3.1a). Velvetleaf leaf areas were 180 to 755% greater with PRE N than with POST 
N (Figure 3.1b). Giant foxtail leaf area increases were smaller than those of velvetleaf, but 
ranged from 69 to 102% (Figure 3. Id). The dry weights of these species (not shown) 
followed similar trends. 
N fertilization timing also affected the leaf N concentrations of corn and weeds 
(Figure 3.2). The leaf N concentrations of all species were greater with PRE N than with 
POST N. Leaf N increases in corn and velvetleaf were greater than in common waterhemp 
and giant foxtail. Corn leaf N concentrations were 39 to 280% greater with PRE N than with 
POST N (Figure 3.2a). Velvetleaf leaf N concentrations were 30 to 202% greater with PRE 
N than with POST N (Figure 3.2b). Leaf N increases in the other two species were smaller: 
common waterhemp leaf N concentrations were 24 to 54% greater with PRE N than with 
POST N (Figure 3.2c), and giant foxtail leaf N concentrations were 10 to 56% greater with 
PRE N than with POST N (Figure 3.2d). 
Corn dry weights and leaf areas were greater with the high corn population density 
than with the low com population density (not shown), but com population density did not 
affect the size or leaf N concentrations of the three weed species. Our hypothesis that com 
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population density influenced N fertilization effects on weeds was therefore not supported by 
data from the early season. 
Mid-Season 
N fertilization timing had persistent effects on corn and velvetleaf size. Heights were 
measured weekly between the early harvest and corn tasselling. Seed yields were most 
strongly correlated with height measurements taken at corn silking, and so statistical analyses 
were limited to those measurements. Corn height was 7 to 23% greater with PRE N than 
with POST N, and the differences were significant in each year (Figure 3.3a). Velvetleaf 
heights were 14 and 92% greater with PRE N than with POST N in 2001 and 2002, 
respectively (Figure 3.3b). 
Curiously, N fertilization timing did not affect giant foxtail height, despite the N 
fertilization timing effect on giant foxtail size observed earlier in the season (Figure 3.3c). 
We hypothesized that the lodging tendency of giant foxtail reduced the effect of N 
fertilization timing on its height. Nitrogen fertilization timing did not affect common 
waterhemp height, either. We suspected that the late germination timing that caused 
common waterhemp seedlings to be unaffected by N timing also prevented N fertilization 
timing from affecting common waterhemp height in late July (Figure 3.3d). 
Photosynthetically active radiation transmittance was strongly correlated with corn 
and velvetleaf heights (Table 3.2). Nitrogen fertilization timing affected corn and velvetleaf 
heights similarly so that there were few effects on PAR transmittance through the com 
canopy to the velvetleaf canopy. Photosynthetically active radiation transmittance to giant 
foxtail was lower with PRE N lower than with POST N in 2001 and 2002. 
Photosynthetically active radiation transmittance to common waterhemp was less with PRE 
N than with POST N in 2002. We hypothesize that the increase in corn height with PRE N 
compared to POST N decreased transmittance to giant foxtail and common waterhemp. 
Late-Season 
Corn yield loss to weeds varied with the weed species that were present and with N 
timing. Weed species and N timing treatments interacted in 2001, and we therefore analyzed 
com yields separately by competing weed species in each year. Com yield in weed-free plots 
was lower with POST N, compared to PRE N in 2000, but not in the other two years (Figure 
3.4a). When the com yields from the weed-free plots were pooled among years, there was a 
significant 8 % reduction in com yield with POST N compared to PRE N. 
Nitrogen fertilization timing did not affect velvetleaf interference with com yields 
(Figure 3.4b). Given the consistent effect of N fertilization timing on velvetleaf growth, we 
were surprised that N fertilization timing did not affect the yield of com infested with 
velvetleaf. We suggest that large variances associated with our plot sizes may have masked 
real differences between the N timings. Common waterhemp yields were also unaffected by 
N timing (Figure 3.4c). 
Yields of com infested with giant foxtail were affected each year by N fertilization 
timing (Figure 3.4d). Com yield in the giant foxtail plots was lower in 2000 with PRE N 
than with POST N. In 2001 and 2002, however, com yields in the giant foxtail plots were 
lower with POST N than with PRE N. Yields of com infested with giant foxtail were 10 % 
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greater with PRE N than with POST N in 2000, but were 13 and 18% lower in 2001 and 
2002, respectively, with PRE N than with POST N. The observations from 2000 could not 
be explained, but the effects of N fertilization timing on giant foxtail in 2001 and 2002 were 
likely due to the greater com height in plots that received PRE N, compared to those plots 
that received POST N. This hypothesis is further discussed below. 
Velvetleaf seed yields in all three years were greater with PRE N than with POST N, 
while giant foxtail seed yields were less with PRE N than with POST N in 2001 and 2002 
(Figure 3.5). Velvetleaf seed yields were 115 and 163% greater in 2001 and 2002, 
respectively, with PRE N than with POST N (Figure 3.5a). Giant foxtail seed yields were 53 
and 57% lower in 2001 and 2002, however, under the same conditions (Figure 3.5b). 
Com population density also affected velvetleaf and giant foxtail seed yields. 
Velvetleaf seed yield was approximately halved in 2001 and 2002, when com was grown at 
the higher population density, compared to the lower population density (Figure 3.5a). Giant 
foxtail yields decreased by more than one-third during those two years when com was grown 
at the higher population density, compared to the lower population density (Figure 3.5b). 
Path Analysis of Results 
Data collected during from 2000 to 2002 indicated that N timing affected the abilities 
of velvetleaf, common waterhemp and giant foxtail to compete with com. In order to better 
understand how N fertilization timing affected com and weed yields, path coefficient models 
were constructed to describe the competition between com and each of the three weed 
species. 
Path coefficient models are similar to multiple linear regression models, but the path 
models can include more than one dependent variable (Mitchell 1993). This allowed us to 
test a new hypothesis - that the effect of nitrogen timing on light competition between com 
and weeds was more important than its effect on weed size. Path analyses were applied to 
competition data from all three years. Since path analyses require a minimum of 10 
observations per variable, data from the three years were pooled to increase the power of the 
analyses. The effects of unexplained causes on each response variable were typically large (r 
> 0.60, P = 0.0001). 
In com infested with velvetleaf, the heights of both velvetleaf (r = +0.39, P = 0.0057) 
and com plants (r = 0.66, P = 0.0001) were positively and significantly correlated with spring 
soil NO3" concentrations (Figure 3.6). Photosynthetically active radiation transmittance 
through the com canopy to the velvetleaf canopy was negatively correlated with com height 
(r = -0.62, P = 0.0062), but was positively correlated with velvetleaf height ( r= +0.39, P = 
0.0462). Thus, increases with height in the shading potential of com were offset by increases 
in velvetleaf height. Com yield was unaffected by com height (r = -0.01, P = 0.9608), but 
decreased with light transmittance (r = -0.22, P = 0.0001). Velvetleaf seed yield was 
unaffected by transmittance (r = +0.15, P = 0.1377), but yield was strongly affected by height 
(r = +0.72. P = 0.0001). 
In plots infested with common waterhemp (Figure 3.7), com height was positively 
correlated with spring soil NO3" concentrations (r = +0.68, P = 0.0001), but common 
waterhemp heights were unrelated to soil NO3 (r = -0.23, P = 0.1234). Photosynthetically 
active radiation transmittance through the com canopy to the common waterhemp canopy 
was again negatively correlated with corn height (r = -0.38, P = 0.0022), but was positively 
correlated with common waterhemp height (r = +0.49, P — 0.0001). Corn yield was 
unaffected by corn height (r = +0.28, P = 0.0770) and transmittance (r = -0.09, P = 0.5612). 
Common waterhemp seed yield was similarly and insignificantly affected by transmittance (r 
= -0.11, P = 0.4769), but seed yield was positively correlated with height (r = +0.45. P = 
0.0053). The yields of corn and common waterhemp were thus unaffected by the effect of 
soil NO3" on plant height. 
In plots infested with giant foxtail, com height was positively correlated with spring 
soil NO3" concentrations (r = +0.61, P = 0.0001), but giant foxtail heights were unrelated to 
soil NO3". In fact, giant foxtail height was dropped from the path model (Figure 3.7) in order 
to improve the model's fit and parsimony. Soil NO3" levels, therefore, only affected com 
height and did not benefit giant foxtail height in late July. Photosynthetically-active radiation 
transmittance through the com canopy to the giant foxtail canopy was negatively correlated 
with com height (r = -0.62, P = 0.0022). Com yield was unaffected by transmittance (r = -
0.18, P = 0.2519), but was positively correlated with com height (r=0.41, P = 0.0127). Giant 
foxtail seed yield was strongly and positively correlated with transmittance (r = 0.56, P = 
0.0001). 
Comparisons to Previous Studies 
Other studies confirmed that competition from green foxtail was altered by 
differences in N availability. O'Donovan (1997) found that barley yield loss to green foxtail 
was reduced by higher N fertilization rates. Conversely, Peterson and Nalewaja (1992) found 
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that barley yield loss to green foxtail increased with N fertilization rate. 0"Donovan et al. 
(1997) suggested that the negative relationship between nitrogen fertilization rate and green 
foxtail observed by Peterson and Nalewaja (1992) occurred because the N was broadcast, 
whereas O'Donovan and et al. (1997) banded N fertilizer 6 to 8 cm deep between barley 
rows. Salas et al. (1997) determined that giant foxtail monocultures responded favorably to 
NH4+ and NO;, although seed production was reduced by high NH4+ rates, compared to 
equal rates of NO3". 
The strong response of velvetleaf to N availability in our experiment agreed with the 
data that were reported in other studies. Lindquist (2001) found that velvetleaf leaf N 
concentrations were greater than those of com. This qualitative difference persisted 
throughout the growing season. Lindquist (2001) also observed that velvetleaf leaf N 
concentrations were never less than 0.75 g m"2 leaf area, suggesting that velvetleaf was not 
plastic when N supply was limited. He suggested that the effect of N fertilization on 
velvetleaf was greater than its effect on com. 
Many studies have compared the abilities among crop cultivars to suppress weed 
species. Winter wheat suppression of downy brome (Bromus techtorum) was most strongly 
correlated with the crop height (Challaiah et al. 1986). Garrity et al. (1992) similarly found 
that weed biomass was negatively correlated with the height of upland rice (Oryza sativa) 
cultivars. Greater leaf area expansion rates increased the ability of tall fescue (Festuca 
arundinacea) to suppress weeds (Forcella 1987). Differences in weed suppressive ability 
between wheat and barley were attributed to differences in light interception between the two 
species (Lanning et al. 1997). 
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In our study, we employed environmental modifications to generate similar effects on 
crop phenotypes. In the case of com infested with velvetleaf, the greater com height and leaf 
area associated with PRE N was proportionately exceeded by the increase in velvetleaf height 
and leaf area. In the case of com infested with giant foxtail, however, the increases in com 
height and leaf area were not paired with increases in giant foxtail growth, and the 
competitive ability of com increased. 
The results provided a conceptual framework that connected many factors in the 
effect of N fertilization on weeds. Our study of single-species weed populations was helpful 
to our understanding of specific differences, but we recognize that weed communities are 
composed of many species. When the individuals within a weed population are 
morphologically similar with regard to emergence time or potential height, communities may 
be managed in part with nitrogen timing. 
It is more likely, however, that the managers of diverse weed communities will 
integrate N management into strategies that include other tactics. For example, N 
fertilization timing could be manipulated to affect the dominant or most responsive weed 
species, with row cultivation to remove other weeds. Alternately, we hypothesize that N 
fertilization could be delayed in order to reduce the size of all species in a community so as to 
lengthen the window of opportunity for POST herbicide treatments or reduce the required 
herbicide rate for effective control (Aldrich and Kremer 1997). 
In this study, POST N reduced the grain yield of com in plots that were not infested 
with weeds. This reduction could limit the inclusion of N fertilization timing in IWM 
strategies. It should be emphasized, that the optimum N management recommendation, 
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however, is likely to vary with the weed species that are present - and if no weed species are 
present. It should also be noted that POST N fertilization timing has farm (increased N 
recovery) and societal (decreased groundwater contamination) benefits in addition its 
potential weed management role (Magdoff 1991). In addition, other studies (e.g. Scharf et al. 
2002) have suggested that delayed N emergence may not affect on com grain yield. Nitrogen 
banding over the crop row or placement at an appropriate soil depth might also allow the 
timely supply of N to crops while delaying availability to weeds (DiTomaso 1995). 
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Table 3.1. Monthly temperature means and precipitation totals for 2000, 2001 and 2002, and 
the 30-year average monthly values for each parameter. 
Month 2000 
Temperature Precipitation 
2001 2002 1970-2000 2000 2001 2002 
1970-
2000 
-cm-
April 10 12 9 10 3 8 9 9 
May 18 16 14 16 8 16 11 11 
June 20 21 23 21 9 4 7 13 
July 22 24 24 23 7 4 13 11 
August 23 23 21 22 3 6 12 11 
September 18 16 19 18 2 13 3 8 
Table 3.2. Effect of corn population density and N fertilization timing on the transmittance of photosynthetic active 
radiation (PAR) through the corn canopy to the canopies of each weed species. Transmittance was the ratio of PAR 
above the weed canopy to the PAR above the corn canopy. Each mean represents 8 observations. 
Corn population N timing 
Velvetleaf Waterhemp Giant Foxtail 
2000 2001 2002 2000 2001 2002 2000 2001 2002 
n/ 
54,000 ha"1 Early N 22 27 36 15 
/U 
29 32 18 27 45 
Late N 16 35 45 19 33 48 18 38 59 
79,000 ha' Early N 11 26 28 8 27 16 11 21 17 
Late N 14 26 38 10 38 31 14 29 43 
Main Effect: Corn Population 
54,000 ha' 19 31 41 17 31 40 18 32 52 
79,000 ha' 12 26 33 9 32 23 12 25 30 
LSD (0.05)' 7 9 16 7 12 12 5 12 11 
feet: N timing 
Early N 16 26 32 12 28 24 14 24 31 
Late N 15 30 42 14 36 40 16 33 51 
LSD (0.05) 6 9 11 3 12 9 5 9 9 
a Least significant difference (LSD) values are for differences within species and years. 
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Figure 3.1. Effect of N fertilization timing on leaf area of corn and weed seedlings in late 
June of each year. Error bars represent confidence intervals at the a=0.05 level. Each 
mean value represents 16 observations. 
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Figure 3.2. Effect of N fertilization timing on leaf N concentration of corn and 
weed seedlings in late June of each year. Error confidence intervals at the a=0. 
level. Each mean value represents 16 observations. Common waterhemp 
samples in 2000 did not produce sufficient dry matter for N determination. 
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Figure 3.3. Effect of N fertilization timing on corn and weed heights in late July. Error 
bars represent confidence intervals at the a=0.05 level. Each mean value represents 16 
observations. 
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Figure 3.6. Path model of competition between corn and velvetleaf, based on 48 
observations taken from 2000 to 2002. In order to satisfy the model assumption that 
observations were normally distributed around the sample mean, only data from the low 
corn density plots were included. The model had a P < chi-square value of 0.26 and an 
Akeike information criterion (AIC) value of-3.55. The suffixes * and ** following 
some path coefficients indicate significance at a=0.05 and a=0.01, respectively. All 
other path coefficients were not significant. Corn and velvetleaf are represented in the 
model by their five-letter Bayer codes: ZEAMD, corn; and ABUTH, velvetleaf. 
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corn density plots were included. The model had a P < chi-square value of 0.58 and an 
Akeike information criterion (AIC) value of-6.23. The suffixes * and ** following 
some path coefficients indicate significance at a=0.05 and a=0.01, respectively. All 
other path coefficients were not significant. Corn and velvetleaf are represented in the 
model by their five-letter Bayer codes: ZEAMD, corn; and AMATA, common 
waterhemp. 
0.41* 
ZEAMD Height v • ZEAMD Yield 
-0.56** 
NO3 Transmittance < " I -0.14 0.18** 
SETFA Yield 
Figure 3.8. Path model of competition between corn and giant foxtail, based on 47 
observations taken from 2000 to 2002. In order to satisfy the model assumption that 
observations were normally distributed around the sample mean, only data from the low 
corn density plots were included. The model had a P < chi-square value of 0.20 and an 
Akeike information criterion (AIC) value of-1.96. The suffixes * and ** following 
some path coefficients indicate significance at a=0.05 and a=0.01, respectively. All 
other path coefficients were not significant. Corn and giant foxtail are represented in the 
model by their five-letter Bayer codes: ZEAMD, corn; and SETFA, giant foxtail. 
77 
CHAPTER 4. REPLACEMENT SERIES AND GROWTH ANALYSIS 
OF VELVETLEAF (Abutilon theophrasti Medicus) INTERFERENCE 
WITH CORN (Zea mays L.) IN RESPONSE TO NITROGEN SUPPLY 
A paper to be submitted to Weed Science. 
Matthew M. Harbur 1,2 and Micheal D.K. Owen3 
Abstract 
The important effect of nitrogen (N) supply on weeds may vary with the relative 
population densities of crops and weeds. Competition between corn and velvetleaf was 
studied with a replacement series design in a glasshouse. In order to avoid bias caused by 
size differences between the two species, corn:velvetleaf ratios of 3:0, 2:6, 1:12 and 0:18 
were selected. A concurrent growth analysis of corn and velvetleaf monocultures was 
conducted in order to identify plant responses to N availability that might be targeted by 
other weed management tactics. All data in the replacement series experiment were collected 
when corn reached the V4 growth stage. The N effect on leaf area (A) and leaf N (NL) per-
pot of each species was positively related to the population density of that species. Relative 
yields per-pot of dry weight (RYw), leaf area (RYA) for corn were equal to unity, suggesting 
1 Graduate student, Dept. of Agronomy, Iowa State University. 
2 Corresponding author. 
3 Graduate advisor and Professor, Dept. of Agronomy, Iowa State University 
that those parameters were affected equally by intra- and interspecific competition. RYW, 
RYa and the relative yield of total leaf N (RY%) of velvetleaf were less than unity, suggesting 
that velvetleaf size and N uptake was reduced by competition with corn. Relative yield totals 
of dry weight (RYTw) and leaf area (RYTA) were less than one when a corn: velvetleaf ratio 
of 1:12 was grown with low N and indicated that antagonism between com and velvetleaf 
may have occurred. The relative crowding coefficient of leaf area (RCCA) was greater than 
one only with low N, but the relative crowding coefficient of leaf N (RCCN) was greater than 
one at both N levels and indicated that com was more competitive than velvetleaf, especially 
with low N. In the growth analysis experiment, the dry weight, leaf weight ratio and growth 
rate of each species was greater with high N than with low N. Velvetleaf had higher relative 
growth rates than com. The net assimilation rate (NAR) of velvetleaf was lower with the 
high N than with low N, perhaps due to greater self-shading per pot by velvetleaf with high 
N. The effects of N supply on com and velvetleaf biomass, growth rate and NAR may 
impact the efficacy of other weed management strategies, including herbicides and tillage. 
Nomenclature: velvetleaf, Abutilon theophrasti Medicus ABUTH; com, Zea mays ZEAMA. 
Key words: nitrogen, replacement series, interference, relative yield, leaf area, growth rate, 
net assimilation rate, synergy, antagonism. 
Introduction 
N management has been shown to affect the competitive abilities of crops relative to 
weeds, in addition to altering N use efficiency (NUE) by the crop (DiTomaso 1995). The N 
effects on competition have varied, but they have generally depended on the relative abilities 
79 
of crop and weed species to capture and use N, as affected by their life histories and 
physiological differences between species (DiTomaso 1995). Nitrogen management 
strategies have reduced weed competitiveness by increasing crop interception of available N, 
thereby reducing the proportion of available N that was intercepted by weeds. Selective 
strategies have been based upon N fertilization timing (preemergence vs. postemergence), 
placement (banding vs. broadcast), source (mineral versus organic), and cultivar selection 
(Harbur and Owen 2003; Reinertsen et al. 1984; Dyck and Liebman 1994; Davis and 
Liebman 2001; Tollenaar et al. 1994; Liebman 1989). 
Nitrogen effects on plants are likely influenced by the availability of other resources, 
especially light. The effects of N on unshaded corn, soybean and several weed species were 
greater than when those species were shaded (Harbur and Owen 2003). Liebman and 
Robichaux (1990) found that the N effects on barley (Hordeum vulgare L.) and pea (Pisum 
sativum L.) in competition with mustards (Brassica kaber (DC) L.C. Wheeler and B. hirta 
Moench) included changes in light interception among the species. 
The relative population densities of competing species may have affected their N 
responses. Carlson and Hill (1986) found that N fertilization increased spring wheat 
(Triticum aestivum L.) yields only when wild oat (Avena fatua L.) population densities were 
less than 1.6 percent of the total plant population density. The interaction of environmental 
factors and plant population density to effect competition between crop and weed species has 
been studied (Flint and Patterson 1983; Iqbal and Wright 1997), but the effects of plant 
population densities on plant responses to environmental changes, including N, have not 
commonly been described. 
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Velvetleaf is an omnipresent pest in com production that has responded strongly to N 
management (Harbur and Owen 2003; Lindquist 2001). Velvetleaf and com have often 
emerged concurrently in studies in the western Com Belt, and the weed has been shown to be 
a formidable competitor with com (Hartzler et al. 1999). The range of leaf N concentrations 
in velvetleaf was greater than in com, suggesting that velvetleaf may be more sensitive to N 
supply than com (Lindquist 2001). 
Additive and replacement series models have been used to better understand the 
responses of competing plant species to plant population density. In the additive models, the 
crop population densities are fixed while the weed population density is varied. This method 
has allowed the economic evaluation of yield loss to weeds, but has provided little insight 
into the mechanisms of plant competition, since the effect of weed population density has 
been confounded with that of total plant population density (Dekker et al. 1983). 
Replacement series models instead fix the total plant population density and vary the 
proportion of each species. Inasmuch as replacement series studies vary the population 
densities of both crops and weeds, those studies have been less useful to economic studies of 
yield loss, but have allowed researchers infer the relative importance of inter- and 
intraspecific competition (Radosevich et al. 1997). 
The growth analysis of crops and weeds can identify plant characteristics that affect 
competitive abilities (Akey et al. 1991). Growth analyses may allow the identification of 
plant morphological characteristics that are both important to weed competitiveness and also 
susceptible to herbicide action (Horak and Loughin 2000). These plant morphological 
characteristics may also be affected by N supply. 
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We conducted two sets of glasshouse experiments in order to determine N effects on 
com and velvetleaf growth in pure and mixed stands. We hypothesized that the relative 
population densities of com and velvetleaf might influence their N responses. We also 
conducted a growth analysis of com and velvetleaf monocultures in order to better predict 
how the effects of N management might complement or interfere with other management 
strategies. 
Materials and Methods 
Replacement Series Design 
Two runs of a replacement series experiment were conducted during Fall 2002 at 
Iowa State University, Ames, LA. Both runs were conducted in the same glasshouse, under 
ambient photosynthetically-active radiation (PAR), supplemented by sodium halide lamps 
that provided 250 |xmol m"2 sA. Plants were exposed to maximum PAR intensities that 
ranged between 600 and 700 gmol m 2 s"1. Each experimental run contained four replications 
that were arranged in a randomized complete block design (RCBD). One half of the 
experimental units were fertilized daily with a complete nutrient solution containing 2.5 
mmol NH4NO3 (NL), while the other half of the experimental units received 10 mmol 
NH4NO3 (NH). All other nutrients were provided in equal amounts between treatments. All 
plants were destructively harvested when com reached the four-leaf growth stage (Ritchie et 
al. 1997). This termination point was chosen because it is a growth stage at which post-
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emergence herbicides are often applied in com production (Johnson et al. 2002; Sprague et 
al. 1999). 
Replacement series designs have been criticized for favoring larger species, since 
both species are compared within the same range of population densities (Akey et al. 1991). 
In order to avoid this problem, we modified the replacement series so that it was composed 
of individual species population densities that were 0, 33, 67 and 100% of the pure stand 
population densities, which were 3 com or 18 velvetleaf per pot (Radosevich et al. 1997; De 
Wit 1960). Preliminary research indicated that six velvetleaf plants occupied a competitive 
space that was similar to one com plant, so corn:velvetleaf population density ratios of 3:0 
(C3), 2:6 (C2), 1:12 (CI) and 0:18 (Co) were therefore studied. 
Within each replication and date, the population density responses of each species 
within each N level were modeled with exponential or monomolecular functions. The 
functions were chosen to best fit the data, but only one function per parameter was used to 
model the data. The predicted values of dry weight (W), leaf area (A) and total leaf N (NL) 
were analyzed for differences and used to calculate competition indices. Relative yields were 
calculated for dry weight (RYW), leaf area (RYA) and N uptake (RYN). The RY of each 
species in a mixed stand was the ratio of its yield in that mixture to its yield in monoculture: 
y 
J^Y — mixed stand 
^pure stand 
RY values indicated whether interspecific competition was more (RY>1), less (RY<1) or 
equally favorable (RY=1) to growth, compared to intraspecific competition. The relative 
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yield total (RYT) of each mixture was the sum of the products of the RY of each species and 
its proportion in the mixture: 
RYT = , AT \ \ RYcorn • 
\ corn+velvetleaf J 
+ 
n v ^ velvetleaf 
K Ï ,  velvetleaf -*j 
corn+velvetleaf 
(2) 
The RYT value indicated whether the interaction between the two species was mutually 
beneficial (RYT>1), antagonistic (RYT<1), or had no effect (RYT=1) on the productivity of 
a mixed stand (Dekker et al. 1983; Jolliffe 2000). The relative crowding coefficient was the 
ratio of the RY of corn to the RY of velvetleaf: 
RY 
RCC = corn (3) 
RY 
velvetleaf 
RCC indicated whether corn was more (RCC>1), less (RCC<1), or equally (RCC=1) 
competitive,'compared with velvetleaf (De Wit 1960). 
Treatment effects were analyzed using the PROC MDŒD subroutine of SAS1. Plant 
population density and N level were treated as fixed effects and run and replication were 
treated as random effects. Differences in W, A and NL among treatment levels were 
separated with F-tests. RY, RYT and RCC means were tested for their difference from one 
using the Students t-test. The criterion for the significance of effects was a < 0.05. 
Growth Analysis Design 
The two runs of the growth analysis experiment were conducted concurrently with the 
replacement series experiments, so that the plants that were cultivated for growth analysis 
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experienced the same temperature and PAR conditions as plants in the replacement series 
experiments. Corn and velvetleaf monocultures in the growth analysis experiment contained 
the same population densities as the monoculture treatment levels in the replacement series 
experiments. Each experimental unit contained two pots, allowing for destructive harvests at 
the two-leaf and four-leaf growth stages. In addition, seedling W and A at emergence were 
determined for the seed lots in a separate experiment (Harbur and Owen 2003). 
Dry weight and leaf area data within each experimental unit were log-transformed 
and fit with a straight line. The relative growth rate of dry weight (Rw) and leaf area (RA), 
and the net assimilation rate (NAR) were calculated from differences between the two 
harvests within treatment combinations: 
(<=-',) 
Ra = to A, -In A, (6) 
( '2-O 
NARJ\W< (7) 
( A ~ A ) ' ( t 2  ~ t l )  
where Wi and W2 were the dry weights at the first and second harvest, respectively, and A; 
and A2 were the leaf areas at the first and second harvests, respectively. 
The mean values of W, A, leaf weight ratio (LWR), root weight ratio (RWR), specific 
leaf area (SLA), and specific stem length (SSL) were calculated between harvests. SLA and 
SSL were calculated as: 
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SLA = — 
WL 
(8) 
(9) 
where A was leaf area, L was length, and WL and Wg refer to leaf weight and stem weight, 
respectively. 
Treatment effects were analyzed using the PROC MIXED subroutine of SAS1 and 
treating population density and N level as fixed effects and experiment and replication as 
random effects. The correlation between growth factors was analyzed using the PROC 
CORR subroutine of SAS. The criterion for significance was P < 0.05. 
Experimental Procedures 
Plants were grown in 3 L plastic pots, each of which were lined in the base with 0.5 L 
of perlite. The perlite layer was topped with 1.5 L of fine, washed silica sand. Corn and 
velvetleaf seeds were placed at the top of the sand layer and covered with an additional thin 
(< 1mm) layer of sand. The sand layer was then covered with an additional 0.5 L of perlite, 
which provided support to seedlings and reduced evaporation. Garst '5850' seed corn2, 
treated with captan (czs-W-((trichloromethyl)thio)-4-cyclohexene-l,2-dicarboximide), and 
locally-collected velvetleaf seeds were simultaneously planted and emerged together 
approximately five d after planting. Plants were thinned to target population densities when 
they reached the one-leaf growth stage. Corn growth stages were defined by Ritchie (1997), 
and velvetleaf was staged using the stage definitions that were developed by Ritchie et al. 
(1982) for soybean. 
Each pot was fertilized daily beginning with plant emergence. Pots received 250 ml 
of solution until plants reached the one-leaf stage, in order to avoid uprooting plants from the 
sand. Pots were thereafter fertilized daily with 500 ml of nutrient solution. The solution was 
rapidly poured into each pot so that it flooded the surface and then moved as a layer through 
the pot, thereby displacing residual nutrients and re-establishing the original nutrient 
concentrations. 
Plants were destructively harvested once (replacement series) or twice (growth 
analysis) during the experiment, depending on the design. Plants and sand were removed 
from each pot and sand was gently washed from the roots. Stem lengths were determined for 
all com plants and a minimum of six velvetleaf plants, depending on population density 
levels within the replacement series. Stem lengths were measured from the lower edge of 
actively photosynthetic (green) tissue to the highest collared leaf in com, or to the highest 
node in velvetleaf. 
Root and shoot tissues were separated at the lower edge of the green tissue. Collared 
com leaves and unfolded velvetleaf leaves were detached from the stems at the leaf collar or 
the junction of petiole and stem, respectively. Rolled com leaves were also separated from 
the stem, immediately above the highest leaf collar, and included in leaf tissue 
measurements. Leaf areas were measured with a belt-fed leaf area meter3. The areas of 
rolled com leaves were measured while the leaves were still in their rolled, overlapping 
positions, in order to avoid inflating the estimate of the leaf area that was readily exposed to 
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PAR. Root stem and leaf tissues were dried for 48 hours at 60 C and their weights were 
determined. Leaf tissue was then ground to a maximum fineness of 1 mm and the leaf N 
concentration was determined using a modified Dumas method (Sparks 1996). NL was the 
product of the leaf N concentration and the leaf weight. 
Results and Discussion 
Replacement Series 
W, A, NL and RWR data supported the hypothesis that the N responses of com and 
velvetleaf were affected by the population densities of each species. Com dry weight (Wc) 
and velvetleaf dry weight (Wv) were greater with high N than with low N and the same trend 
was true for com leaf area (Ac) and velvetleaf leaf area (Av) (Figures 4.1a and 4.1b). 
Population density and N supply interacted to affect Ac and Av, but Wc and Wv were 
unaffected. 
Plant population density also affected the responses of NL and RWR to N supply in 
both species (Figures 4.1c and 4.Id). NL was greater with high N than with low N, and NL in 
each species was positively correlated with the population density of that species. The 
increase in NL in each species with N supply was positively correlated with the population 
density of that species. Com RWR (RWRc) was greater with low N than with high N and 
greater with high com population density than with low com population density. Velvetleaf 
(RWRv) was also greater with low N than with high N, but was unaffected by com 
population density. The positive correlation between RWRc and com population density 
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suggested that intraspecific competition for N may have been positively correlated with corn 
population density. 
Relative yields may be calculated for both individual plants (e.g. Iqbal and Wright 
1997) or entire experimental units (e.g. Akey et al. 1991). The latter method was chosen 
based on the belief that it allowed easier interpretation. In Figures 4.2a, 4.3a and 4.4a, the 
unity lines represented the predicted yield of each species based on monoculture 
performance. Deviation from unity indicated that interference was occurring between 
individuals either within or across species. 
Relative yields of corn and velvetleaf were affected by N supply and, in some cases, 
differed from unity. Corn RYW increased with N supply, but RYA was unaffected (Figures 
4.2a and 4.3a). Conversely, velvetleaf RYA was greater with high N than with low N, but 
RYW was unaffected (Figures 4.2a and 4.3a). Corn RYW differed with N supply at the C\ 
population density, but not at C2. The relative yields of velvetleaf RYW and RYA were less 
than unity, suggesting that velvetleaf suffered from interspecific competition. Corn RYN and 
velvetleaf RYn were greater and less than unity, respectively, suggesting that com N uptake 
occurred at the expense of velvetleaf N uptake (Figure 4.4a). Velvetleaf RYN was also 
greater with high N than low N. 
Relative yield totals were used to compare the productivity of the mixed stands to the 
productivity of the pure stands. RYTw and RYTN were unaffected by N supply, but RYTA 
was greater with high N than with low N (Figures 4.2b and 4.3b). RYTw and RYTA were 
less at Ci than at C2, suggesting that productivity of mixed stands decreased as velvetleaf 
increased. 
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RYT A and RYTw at Ci were less than one, suggesting that antagonism between corn 
and velvetleaf occurred at that population density. RYTN was equal to one, suggesting that 
the total N uptake per pot did not differ with corn population density (Figure 4.4b). 
Allelopathic interactions may explain the negative effects of increasing velvetleaf population 
density on RYTw and RYTa in mixed stands. Extracts from germinating velvetleaf seeds 
have been shown to cause root injuries in concurrently germinating tomato (Solarium 
lycopersicum L.) and cabbage (Brassica oleracea L.) seedlings (Retig et al. 1972) and inhibit 
germination of alfalfa (Medicago sativa L.), radish (Raphanus sativus L.) and turnip 
(Brassica napus L.) (Gressel and Holm 1964). 
Relative crowding coefficients were indicies of the competitive ability of com 
relative to velvetleaf. RCC values greater than one indicated that com was more competitive 
than velvetleaf, while values less than one indicated that com was less competitive than 
velvetleaf. 
RCCw and RCCN were affected by neither N supply nor com population density, but 
RCCA was greater with low N than with high N (Figures 4.2b and 4.3b). The negative 
correlation between RCCA and N supply suggested that high N benefited velvetleaf RYA 
more than com RYA and thereby increased velvetleaf competitiveness. RCCN was greater 
than one at both com population densities, which suggested that com was more competitive 
than velvetleaf for N (Figure 4.4b) and explained why velvetleaf benefited more than com 
from the increase in N supply. 
Growth Analysis 
The objective of our second experiment was to predict responses of com and 
velvetleaf to N supply that might interact with other weed management strategies. Wc and 
Wy (Figure 4.5a), Ac and Av (not shown), com LWR (LWRc) and velvetleaf LWR (LWRV) 
(Figure 4.5b) were greater with high N than with low N. RWRc and RWRv were greater 
with low N than high N and might have allowed the plants to explore a greater soil volume in 
low N conditions (not shown). Wc was proportionally more responsive to N supply than was 
Wv. Similarly, LWRv was greater than LWRc, regardless of N supply, while RWRv was 
less than RWRc-
RGRW and RGRA were greater with high N than with low N (Figures 4.5c and 4.5d). 
Both growth rates were also greater in velvetleaf than in com, agreeing with a previous 
growth analysis of these two species (Harbur and Owen 2003), and explaining how velvetleaf 
becomes competitive with com in spite of its size disadvantage as a seedling. Seibert and 
Pearce (1993) noted that the relative growth rates of weed seedlings were negatively 
correlated with their seed sizes. Fenner (1983), in his study of native species, found a 
similar relationship between seed sizes and relative growth rates. 
The SSL response to N was significant only in com (Figure 4.6a). Similarly, the 
difference between com SSL and velvetleaf SSL occurred only with high N. Stem length 
differed only with species (Figure 6b). The N response of SLA supply also differed between 
species so that the velvetleaf SLA was greater with high N than with low N, but the com 
SLA was unaffected (Figure 6c). 
The most interesting N response occurred in NAR, which differed between corn and 
velvetleaf only with low N (Figure 4.6d). Corn NAR (NARc) was not affected by N supply, 
but velvetleaf NAR (NARy) was greater with low N than with high N. The velvetleaf 
response was opposite to that which we expected, based on the positive relationship between 
quantum yields and leaf N concentrations in corn and velvetleaf (Lindquist 2001). 
The effect of N supply on NARy might have been confounded with its effect on leaf 
area. Leaf N concentrations were negatively correlated with NARy (not shown), but 
positively correlated with Ay (not shown). Given the negative correlation between NARy 
and Av in velvetleaf, greater self-shading might have occurred with high N than with low N, 
thus offsetting the increase in photosynthetic potential. Yusuf et al. (1999) speculated that 
the decline in soybean NAR (Glycine max L.) with age was partly due to the shading of 
lower leaves. Similarly, Flint and Patterson (1983) suggested that decreases in soybean, 
common cocklebur (Xanthium pensylvanicum Wallr.) and smooth pigweed (Amaranthus 
hybridus L.) NAR with temperature might be in response to leaf area rather than temperature. 
Since NAR is calculated for the whole plant, the potential for self-shading exists even when 
individual plants are analyzed (Flint and Patterson 1983). Velvetleaf growth in this 
experiment was analyzed on a per-pot basis, increasing the likelihood that self-shading 
affected NAR. 
The growth analysis was conducted in order to determine the growth response of 
velvetleaf to nitrogen stress so that N management can be matched with other weed 
management strategies. The actual interaction of N management with other weed 
management strategies was beyond the scope of this research. This growth analysis did 
allow the formulation of hypotheses, however, that will hopefully soon be tested. 
It was hypothesized that N supply may interact synergistically and/or antagonistically 
with herbicides to affect velvetleaf growth. Herbicides might reduce the ability of velvetleaf 
to respond to low N supply. Rengel and Wheal (1997) found that chlorsulfuron reduced the 
growth of fine roots and interfered with micronutrient uptake per unit of wheat roots. 
Herbicides that inhibit root growth might also reduce N interception. High N supply may 
also reduce the effective concentrations of herbicides by increasing the water and assimilate 
content of cells. For example, Hunter et al. (1993) determined that the glyphosate inhibition 
of rhizome bud growth in quackgrass (Elytrigia repens (L.) Nevski) was negatively 
correlated with N supply and that the herbicide dosage influenced the N effect. They 
suggested that the amino acid content of quackgrass was positively correlated with N supply 
and that additional N allowed allowing the plant to tolerate of glyphosate effects on amino 
acid metabolism. 
A low N supply may also interact antagonistically with herbicides. Dickson et al. 
(1990) found that fluazifop and glyphosate efficacy in oat (Avena sativa L.) was lower with 
low N than with high N. They suggested that the decreased growth rate that occurred under 
low N conditions reduced the strain on membranes damaged by the herbicide and reduced the 
demand for membrane synthesis. Reduced efficacy was also attributed to the decreased 
translocation of assimilate in the phloem, and the reduction in herbicide retention through 
reduced leaf area under low N. Since the translocation of herbicides through the phloem is 
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coupled with the flow of assimilates (Geiger and Bestman 1990), we suggest that the reduced 
NAR associated with decreasing N supply may reduce the efficacy of certain herbicides. 
Nitrogen supply could also have an important effect on the efficacy of tillage in 
reducing weed competition. Low N supply would reduce weed size and, in general, increase 
the ability of tillage to bury weeds. Higher N supply, however, could reduce the rooting 
depth and increase the height of the growing point, increasing the probability that weed 
shoots would be severed below the growing point. We are unaware of any studies of the 
effect of rooting depth on the effectiveness of tillage operations and are interested in how N 
management might impact these strategies. 
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CHAPTER 5. CONCLUSIONS 
The data demonstrated that N effects on crop and weed competitiveness are more 
important and complex than has been suggested by the weed science literature. The results 
also demonstrated several important mechanisms that may improve predictions of N effects 
on crops and weeds: 
1. The proportional differences in size between corn, soybean and weed species plants 
grown with high and low N supplies were greater for species that had higher growth rates 
with the high N supply: i.e. the decreases in growth associated with low N supply were 
positively correlated with growth rates with high N supply. Similarly, the proportional 
differences in size between plants grown with and without shading were greater for species 
that had higher growth rates when grown without shade. These results suggested that N 
effects might differ among weed species and with environmental conditions. 
2. The field experiment described in Chapter 3 showed that N manipulation affected two 
weed species, velvetleaf and giant foxtail, that are frequently found in Iowa corn and 
soybean. N fertilization timing affected the weeds' competitive abilities; velvetleaf was a 
stronger competitor with pre-emergence N application, whereas giant foxtail was a stronger 
competitor with post-emergence N application. A difference between the maximum heights 
of velvetleaf and giant foxtail might have increased the differences in N response between 
the two species. Common waterhemp was included in the experiment but was not affected 
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by N fertilization timing. The late emergence of waterhemp might have allowed it to escape 
the effects of N fertilization timing and suggested, more generally, that emergence timing 
may influence N effects on weeds. 
3. The greenhouse experiment described in Chapter 4 demonstrated that the relative 
population densities of corn and velvetleaf affected their responses to N availability. The N 
effects on dry weight, leaf area and total leaf N content in each species were positively 
correlated with the population densities of those species. Relative yields did not differ 
between the two mixed stands, but did differ from unity, which suggested that interspecific 
competition occurred. Corn relative yields were affected very little by N supply, but 
velvetleaf relative yields were greater with high N than with low N. The relative population 
densities of com and velvetleaf might have influenced the amount of antagonism that 
occurred between those two species. Relative crowding coefficients suggested that com was 
more competitive than velvetleaf and that this advantage varied with N supply. 
4. The growth analysis described in Chapter 4 was conducted in the greenhouse. The 
objective of that experiment was to identify N effects on com and velvetleaf size parameters, 
biomass allocation, growth rates, and net assimilation rates, which might be supplemented 
with additional weed management tactics, including herbicides and tillage. Com and 
velvetleaf sizes and growth rates were lower greater with high N than with low N, but 
biomass allocation to the root system was negatively correlated with N supply. Two 
scenarios described the potential for interaction between N supply and herbicide efficacy. In 
the first scenario, high N increased the concentrations of assimilate and amino acid in cells 
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and allowed them to dilute and tolerate the herbicide. In the second scenario, high N 
increased the herbicide translocation through the phloem, and the positive growth response to 
high N supply increased the stress upon herbicide-weakened cell membranes. 
In the author's understanding, these data are among the first (see also Lindquist 2001; 
Tollenaar et al. 1994) to demonstrate the potential for N supply to affect crop and weed 
competitiveness in com production in the Western Com Belt of the United States. Further 
study of the N effect on crop and weed competitiveness is surely required before widespread 
adoption of this technology occurs. Future research should address the potential for residual 
N to modify the effects of N manipulation. In addition, integration of N manipulation into 
weed management systems will require the understanding of how N management interacts 
with other weed management tactics. 
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